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NOTATION  * 


a  Acceleration 

A, A  ,A  Probe  base  area;  base  area  of  the  standard  WES 

^  S  X 

3»23-3q-cm  cone;  and  base  area  of  any  given 
probe,  respectively 

c  As  a  subscript,  refers  to  a  circular -base - 
area  probe  of  the  same  size  base  area  as  the 
probe  of  interest 

C  Cone  penetration  resistance 

Drag  coefficient 

d.d  ,d  Probe  base  djameter:  diameter  of  the  base  of 
the  standard  WES  cone  vd^  =  2.03  cm),  and 
diameter  of  the  base  of  any  circular-base -area 
probe,  respectively 

Critical  depth 

F,F.  ,F  ,F.,  Sand  penetration  resistance  force;  inertial 
force ;  sand  resistance  force  measured  in  the 
direction  of  a  horizontal  probe  penetration; 
and  sand  resistance  force  measured  in  the 
direction  of  a  vertical  probe  penetration, 
respectively 

Probe  base  pressure  (cone  base  pressure  or 
plate  base  pressure,  depending  on  which  type 
probe  is  being  considered) 

Cone-sand  pressure  ratio 


Cone  stress  ratio 


*  Several  other  symbols  that  are  specifically  defined  in  context  and 
then  used  no  more  than  a  few  times  immediately  afterwards  are  not 
listed  here. 
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r 


L 


Plate-cone  stress  ratio  |for  circular -base- 

1  4.  .S>M 

area  plates 

Acceleration  due  to  gravity 


Sand  penetration  resistance  gradient  obtained 
with  a  3.23-sq-cm,  30-deg-apex-angle  cone  at 
Vg  =  3*05  cm/sec 

Sand  penetration  resistance  gradient  obtained 
with  a  probe  of  any  given  size  and  shape  at 
any  velocity  small  enough  to  cause  the 
versus  probe  base  depth  curve  to  be  near- 
linear  in  the  range  of  depth  values  sampled  in 
obtaining 

Depth  of  cone  tip  beneath  the  undisturbed  sand 
surface  in  horizontal  penetration  tests 


Inertia 

Va"  ;  sq,uare  root  or  the  base  area  of  the 
standard  3«23-cm^  cone  =  I.80  cm);  and 
square  root  of  the  base  area  of  any  given 
probe,  respectively 

Reynolds  number 


Perimeter  of  the  base  of  a  given  probe 

Hydraulic  radius  (i.e.  A/P)  of  the  base  of  a 
given  probe 

As  a  subscript,  refers  to  conditions  associated 
with  a  standard  cone  penetration  to  obtain  G 

Velocity;  velocity  in  a  standard  penetration 
to  obtain  G(Vg  =  3*05  cm/sec)  ;  velocity  in 
a  horizontal  penetration;  and  velocity  in  a 
vertical  penetration,  respectively 

Froude  number 


Velocity  gradient 
Velocity  gradient  ratio 


As  a  subscript  immediately  after  F  or  V 
(i.e.  F^  or  V^^),  denotes  horizontal.  As 
a  subscript  in  any  other  case,  i- ''cates 
conditions  other  th&ai  those  asso  ated  with  a 
standard  cone  penetration  to  obtain  G  (e.g., 
^  >  (^z)x  *  ®'tc») 

As  a  subscript  immediately  after  F  or  V 
(i.e.  F  or  V  ),  denotes  vertical 
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Cone  tip  apex  angle 

Sand  unit  dry  weight 

Sand  dry  mass  density  7(j/g 

Inertial  force 

Sand  angle  of  internal  friction 
Yield  value 


COIJVERSION  .FACTORS,  METRIC  TO  BRITISH  UNITS  OF  I^IASUREMENT 


Metric  units  of  measurement  used  in  this  report  can  be  converted  to 
British  units  as  follows: 


Multiply 

By 

To  Obtain 

meters 

3.281 

feet 

centimeters 

0.3937 

inches 

square  centimeters 

0.1550 

square  inches 

newtons 

0.2248 

pounds  (force) 

meters  per  second 

3.281 

feet  per  second 

centimeters  per  second  ' 

0.3937 

inches  per  second 

kilonewtons  per  cubic  meter 

6.366 

pounds  per  cubic  foot 

kilopascals 

0.1450 

pounds  per  square  inch 

meganewtons  per  cubic  meter 

3.684 

pounds  per  cubic  inch 

(i.e .  psi  per  inch) 
slugs 


kilograms 


0.0685 


SUMMARY 


For  a  given  probe  (cone  or  flat  plate)  tepted  vertically  in  air- 
dry  jand  of  a  given  strength  level,  the  curve  of  probe  base  pressure 
(sand  penetration  resistance  force  per  unit  probe  base  area,  F^/Ax) 
versus  probe  base  depth  departs  from  near-linearity  as  velocity  in¬ 
creases.  For  these  conditions,  values  of  probe  base  pressui’e  at 
shallow  depth  increase  with  increasing  velocity,  but  this  pressure  ap¬ 
proaches  a  common  value  at  substantial  depth  (say,  15  cm)  for  velocity 
values  in  the  3"  to  600-cm/sec  range. 

For  a  velocity  near  3  cm/sec,  the  slope,  or  gradient,  of  the  probe 
base  pressure  versus  depth  curve  (termed  penetration  resistance  gradient 
Gx)  can  be  e.xpressed  for  any  of  a  broad  range  of  probe  sizes  and  shapes 


where  G  is  Gx  measured  under  standard  conditions  (i.e.  by  a 
3.^?3-s4-cm,  30- deg -apex -angle  cone  at  3*05  cm/sec),  Xs  is  VT  for  the 
standard  cone,  and  j^x  the  VTx  for  the  probe  of  interest.  Expres¬ 
sions  were  also  developed  to  describe  F^,  at  shallow  probe  base  depths 
(zero  base  depth  for  the  cones,  2.5-cm  depth  for  the  plates)  as  a  func¬ 
tion  of  sand  strength  and  probe  size,  shape,  and  velocity  for  a  wide 
range  of  values  of  each  of  these  variables.  Finally,  a  technique  is 
presented  for  estimating  the  F^.  versus  depth  curve  in  the  0-  to  15-cm 
depth  range  for  cones,  or  the  2.5-  to  15-cm  depth  range  for  plates,  for 
V2  values  less  than  about  100  cm/sec  and  any  of  a  wide  range  of  sand 
strengths  and  probe  sizes  and  shapes. 

A  second  phase  of  this  study  determined  expressions  that  describe 
the  marked  increase  in  sand  G  values  caused  by  increases  in  sand  unit 
dry  weight  7^  and/or  moisture  content. 

in  the  third  phase  of  this  study,  dimensional  analysis  was  used 
to  develop  a  description  of  the  horizontal  force  acting  on  a  .  Iven  cone 
base  as  the  cone  moves  horizontally  beneath  the  sand  (i'x)  as  a  function 
of  probe  size  and  velocity;  depth  of  the  cone  tip  relative  to  th .  im- 
disturbed  sand  surface ;  and  air-dry  sand  G  and  7d  .  A  short  review 
of  major  findings  from  two  studies  of  horizontal  cone  penetration  tests 
showed  that  these  findings  agree  with  and  complement  results  of  the 
V/EG  study.  A  brief  summary  of  another  study  presents  related  expressions 
that  describe  the  horizontal  and  vertical  components  of  force  on  plane 
blades  operating  horizontally  near  the  sand  surface. 
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MEASUI^ING  SOIL  PROPERTIES  I1-;  VEHICLE  MOBILITY  RESEARCH 


l^SISTAICE  OF  COARSE-GRAINED  SOILS  TO 
HIGH-SPEED  PEI-JETRATION 

PART  I:  II\lTRODUCTION 

Background 

1.  A  major  problem  that  confronts  users  of  soil  in  engineering, 
agric\iltural5  industrial,  and  military  applications  is  forecasting  how 
the  soil  will  react  to  the  force  that  man  applies  to  it.  Many  years  of 
study  and  experience  have  produced  techniques  for  predicting  soil  be¬ 
havior  under  static  or  near-static  loading  (dajris,  foundations,  etc.)  and 
under  transient  loading  spread  over  a  large  surface  area  (roadbeds  for 
paved  highways,  airfields,  etc.).  The  study  of  soil  resistance  to  lo¬ 
calized,  high-speed  penetration  has  a  much  shorter  history,  and  the  de¬ 
velopment  of  quantitative  descriptions  of  this  phenoinenon  is  relatively 
new. 

2.  Man  penetrates  the  soil  with  a  wide  variety  of  implements  to 
accomplish  his  objectives.  The  direction  of  movement  of  the  penetrating 
element  may  be  pi'edorninantly  parallel  to  the  soil  surface  (.earthmoving 
scraper  blade,  tillage  tools,  and  tires  and  tracks  of  off -road  vehicles) 
nomal  to  it  (fouiidation  piles,  core  drills,  and  mechanical  or  air¬ 
dropped  penetrometers;,  or  somewhere  in  between  (anchors  for  field  gun 
emplacements ] . 

3.  To  date,  nearly  all  studies  of  soil  penetration  by  man-made 
probes  have  dealt  with  soil  reaction  to  either  horizontal  or  vertical 
probe  movement .  With  attention  limited  to  these  two  directions  only, 
soil  penetration  resistance  is  still  difficult  to  describe  quu.ntita- 
tively  because  it  depends  on  several  prooe  variables  (primarily  size, 
siiape,  and  velocity,  along  with  weight  in  free -drop  vertical  tests), 
as  well  as  on  adequate  quantitative  description  of  the  test  soil's 
quasistatic  strengtli  cliaracteristics . 


The  approach  at  the  U.  S.  Ai^  Engineer 'Wateiveys/Exp^rimeht 

Station  (WES)  nas  been  to  coneentrate  attention  on  penetrations  in 

classical  soils,  i.e.  'essentially  purely  cohesive  clay  and.pureiy  fticr: 

tloiial  sand.  Studies  of  the  aerial  cone  penetrometer  in  fine-grained  ,  - 

(cohesive)  soils  have  been  documented.^  ^  The  resistance  of  fine-grained 

Soils  to  both  horizontal  and  vertical  penetrations  by  a  variety  of  probe 

■  5  6 

sizes  and  shapes  was  discussed  in  Reports  3  and  5  of  this  series.  ■’ 

This  .report  extends  the  studies  of  f  ports  3  and  5  to  the  behavior  of 
cnarSe.-grained  (frictional)  soils. 

Purpose 

51  The  purpose  of  the.  study  reported  herein  was  to  describe  . 
quantitatively; 

resistance  of  air-dry  sand  to  vertical  penetration  by 
.  .  _  a  variety  of  sizes  and'  shapes  of  cones  and  flat  plates 
.  V  ^  '  over  a  range  oflpenet'ration  velocities^' 

■':bV  The  influence  of  moisture  .donuent  on  the  resistance  of  . 
sand  to  low-apeed  vertical  penetrations  by  the  standard 
WES.,  cone. 

-t.  The  resistance  imparted  to  cones  and  flat  blades  tested  - 
horizcncally- over  a  range  of  speeds  in  air -dry  sand. 

Scope  . 

6.  Vertical  penetrations  were  made  in  soil  bins  of  air-dry 

desert  (luma;  s.?nd  at  to  over  700  cm/sec*  with  probes  of  three. 

general  shapes:  30-dtg-apex-angD.e,  right  circular  cones;  flat,  circular 

plates;  and  flat,  rectangular  pxates.  Sizes  of  the  probe  base  jireas 

ranged,  from  1.29  to;  58.1  cm  .  The  rectangular  plates  had  width-to- 

length  ratios  of  1:1,  1:2,  1:4,  and  1:8.  In  a  second  group  of  tests, 

vertical  penetrations  wore  made  at  speeds  from  0.025  .:o  34.9  cm/sec 

2 

with  the  standard  WES  cone  (3.23-cm  base  area)  in  test  molds  of  air- 
dry  to  moisc  Yuma  sand  (moisture  contents  ifom  0,4  to  11.5  percent). 

*  A  table  of  factors  for  converting  metric  units  of  measurements  to 
British  \mits  is  presented  on  page  xi. 


Pint^J-y,  in  a  third  groQp  of  tests,  horizontal  penetrations  were  made 

in  test  bins  of  air -dry  Yuma  sand  at  speeds  up  to  5*2  nr/sec  with  30-deg- 

2 

apex-aftgle  cones  of  circular  base  areas  ranging  frem  3*23  to  23.2  cm  . 

7.  The  sand  placement  techniques  used  throughout  this  program 

produced  a  high  degree-of  consistency  within  each  soil  test  section,. 

Within  each  of  the  three~gro\ips  of  penetration  tests,  Yuma  sand  test 

sections  were  used  that  cewred  a  major  portion  of  the  possible  range  of 

strength  values  of  this  soil.  For  essentially  purely  frictional  soils, 

a  VffiS-devr1.oped  concept  was  used  herein  to  characterize  soil  strength 

oy  G  ,  the  slope  of  the  curve  of  cone  penetration  resistance  C  versus 

depth^ of  the  cone  base  beneath  the  sand  surface ,  v;here  C  is  force  per 

unit  base  area  required  to  penetrate  a  soil  normal  to  its  surface  at  ' 

2 

3.05  cra/sec  witn  a  jO-ueg-apex -angle,  right  circular  cone  of  3*23-cm‘^ 
base  area.  This  ,  op  ;  is  usually  aversiged  over  a  depth  of  15  cm. 

8.  Complemertary  to  relations  developed  from  the  above-mentioned 
horizontal  penetration  tests  at  WES,  major  results  fiom  pertinent  studies 
conducted  elsewhere  were  briefly  reviewed.  Particular  attention  was 
given  to  relations  that  describe  horizontal  and  vertical  forces  on  flat 
blades  tested  horizontally  near  the'  sand  surface,  and  to  the  horizontal 
force  on  cones  tested  horizontally  well  below  the  sand  surface. 


3 


PERCENT  FINER  BY  WEIGHT 


PART  II:  HIGH-SPEED  VERTICAL  PENETRATIONS  WITH  CONEb 
AND  PLATES  IN  AIR -DRY  SAND 


Test  Sand  and  Its  Preparation 


■44-fL 

70  Ij-fl 


i--i . 


Mill!  • 


Test  sand 

9.  Sand  used  in  the  high-speed  vertical  penetration  tests  was 
taken  from  active  dunes  near  Yuna,  Arizona.  This  sand,  termed  herein 
as  Yuma  sand,  has  a  specific  gravity  of  2.6?  and  is  a  uniformly  graded, 
fine  sand  classified  SP-SM  according  to  the  Unified  Soil  Classification 
System.  Gradation  and  soil  property  data  are  given  in  fig.  1. 

-Sand  preparation 

U  S.  STANDARD  SIEVE  NUMBERS 

20  30  40  50  70  W0 140  200  10.  To  prepare  each  test  bin, 

^^1  III  i"vuLi  II  I  rTiirrio 

p*|^| _ rt-4-  air-dry  Yuma  sand  was  deposited  in  uni- 

90— | — - fV - 10  form  layers  through  a  6.3-tnm  U.  S. 

j  [“T  !  Standard  sieve  to  fill  an  0.8-  by  1.6- 

80 — — -• — \ — 444-20  ,  , 

i  V  j,  16.4-m  test  bin,  and  the  top  layer 

70  L-  I  I  \  I  i  ■  .  30  _  was  screeded  level  to  the  same  height 

1  j  '  :  1  t  1  i  i  ”  X 

.J.1J.4..L4.  ..,-.-4 . J - Lff  S2  as  the  bin  sidewalls.  Next,  the  sand 
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80 -44-t4-H — — 4 - i_.+-pj-j_4o  ^  thoroughly  harrowed  to  at  least 

;  j  I  J _ I  1 _ 1  _  .  ‘  :  i  1  *“ 

'Ijr  I  I  T  ITT  I  S  a  hO-cm  depth  over  the  full  width  and 

50  4.4 !  !  1.  L-l . -4 - L444-4.-  50  2 

UNIT  oRYWEiGHT  ^  g  length  of  the  bin.  Preparation  of  a 

viiu*  Yj.kN/m*  il  'J 

40-  SAND  — MAX—  -f- 60  5  vcry-low-s trength  test  bed  was  com- 

-  SP-SM  13.S  .  4  g  pleted  simply  by  releveling  the  sand 

30 f  I  I  'ul'  I'l" surface  with  a  screed  strip.  All  other 

. J.  4  ( -  4 — r i - - — -I I  •  f 

i  '  *  I  '  ;  test  beds  were  prepared  by  harrowing, 

_ ll.  -j  compacting  with  a  given  number  of 

10 -i - - - :\["[ '  passes  of  a  vibratory  skid  unit  (com- 

!  ^  It  ^  prised  of  an  electric  vibrator  mounted 

ol  ii  I  I _ L_j _ I _ LlUJioo 

'  GwfN  SIZE MiLiiMETMS  ^  steel  base  plate  86  cm  wide),  and 

^  J  .L-  J  -1  •  tihen  leveling. 

Fig.  1.  Gradation  and  classi¬ 
fication  of  Yuma  sand  11.  The  strength  of  each  test 

bed  was  characterized  primarily  in 

terras  of  penetration  resistance  gradient  G  .  Although  values  of  cone 
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Fig.  1.  Gradation  and  classi¬ 
fication  of  Yuma  sand 


4 


penetration  resistance  increased  in  near-linear  fashion  nearly  always  to ^ 
at  least  the  25 -cm  depth,*  reported  values  of  G  reflect  measurements 
only  in  the  top  15  c.ti  to  ■’.onforra  to  general  practice.  Fig.  2  pre¬ 
sents  representative  curves  of  cone  penetration  resistance  versus  depth 

or  tone  tt»  iiCNeATH  oiMMtu.  iAHL  5uarACC^  CM 


-  (1  •  s  to  ‘5  20  25 

0CP7H  or  CONC  BASE  beneath  OBiCIHAL  SAND  SUnrACE^CM 


Fig.  2.  -Representative  cone  penetra- 
.  tion  versus  depth  curves  ^'^.23'cm2  cone, 

3.05-cm/sec  penetration  speed,  air-dry 
Yuma  ^and) 

for  several  values  of  G  .  lest  beds  for  the  high-speed  vertical  pene¬ 
tration  tests  were  prepared  to  three  approximate  strength  levels --G 
values  of  about  1.3,  2,9,  and  6.2  M/m^. 

Here,  "depth"  refers  to  the  depth  beneath  the  sand  surface  of  the 
bas-s  of  the  standard  WES  3.23-cm2-base-area,  3. 77- cm- height,  cir¬ 
cular  cone . 
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Cones  and  plates 

The  smooth  steel  cones  and  plates  used  in  this  part  of  the 
study  are  shown  in  fig.  3)  and  are  characterized  by  shape  and  size  as 
fv^llows; 


No. 

Probe  Shape 

Probe  Base  Size 

Dimensions . 
Diameter  Width 

cm 

Length 

Area 

2 

cm 

1 

Right  circtjQ.ar  cone 

1.28 

1.29 

2 

2.03 

. . — 

— 

3.23 

3 

4.05 

— 

— 

12.9 

k 

5.73 

— 

— 

25.8 

5 

8.60 

-- 

58.1 

6 

Flat  circular  plate 

1.28 

1.29 

7 

2.03 

— 

— 

3.23 

8 

4.05 

— 

-- 

12.9 

9 

5.73 

-- 

— 

25.8 

10 

8.60 

-- 

-- 

58.1 

11 

Flat  rectangular  plate 

1.27 

1.27 

1.61 

(1:1,  width  to  length) 

12 

— 

2.54 

2.54 

6.45 

13 

5.08 

5.08 

25.8 

14 

-- 

7.62 

7.62 

58.1 

15 

Flat  rectangular  plate 

1.27 

2.54 

3.23 

(1:2,  width  to  length) 

16 

— 

3.59 

7.18 

25.8 

17 

—  — 

5.39 

10.78 

58.1 

18 

Flat  rectangular  plate 

1.27 

5.08 

6.45 

(1:4,  width  to  length) 

19 

— 

2.54 

10.16 

25.8 

20 

3.81 

15.24 

58.1 

21 

Flat  rectangular  plate 

1.27 

10.16 

12.9 

(1:8,  width  to  length) 

22 

— 

1.80 

14.37 

25.8 

22 


and  plate.',  used  in  vertict  1  x’li^ne  ration 
Yuma  sand  in  test  bins 
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L'ho  nominal  penetration  velocities  were  designated  as  follows: 


No. 

Nominal  Velocity 
cm/sec 

1 

3.0t> 

o 

30 

3 

100 

4 

?oo 

:? 

300 

6 

600 

li.  tiach  probe  was  ol*  one-piece  rtoel  cons  true b ion  aiia  concicted 
of  a  probe  head  (cone  or  flat  plate)  and  a  shaft.  The  shales  were 
strong  enough,  to  provide  straight  alignment  (minimal  flexure)  during 
sand  penetration,  and  small  eno\igh  to  produce  negligible  shaft  drag 
compared  with  the  sand  resistance  force  acting  on  the  probe  head.  Each 
probe  was  Ul  cm  long  overall.  The  upper  end  of  each  shaft  was  connected 
to  a  force -measuring  load  cell  (fig.  4). 


Fig.  4.  General  view  of  high-speed  loading  device,  double-bin  san.  test 

bed,  and  instrumentation  building 


Low-speed  ■penetrometer 

l4.  For  tests  in  the  sand  bins,  a  mechanized,  low -speed  cone 

penetrometer  v;as  used  to  obtain  measurements  of  standard  penetration 

2 

resistance  gradient  G  .  An  electric  motor  drove  the  3»23-cm  cone 
vertically  into  the  sand  at  a  constant  penetr-ation  of  3. 05  cm/sec. 

Sand  resistance  force  was  measured  by  a  load  ceil,  and  depth  of  penetra 
tion  by  a  gear -driven  circular  potentiometer  (fig.  5),  so  that  a  con¬ 
tinuous.  record  of  cone  penetration  resistance  versus  depth  was  obtained 


■  ■  M: 


fiSSisS'-.feSii 


if 


3h8‘i-?hl 

Fig.  5*  Mechanized  low-speed  cone  penetrometer 

on  an  x-y  recorder  for  each  penetration  (fig.  2),  The  shaft  diameter 
used  iri  measuring  G  was  0.95  cm  for  all  tests  with  the  standard  cone 
in  this  report.  (Reference  7  states,  however,  that  essentially  no  in¬ 
fluence  on  G  values  in  Yuma  sand  is  caused  by  using  shaft  diameters  as 
different  in  size  as  0.95  an  I  1.59  cm.) 

High-speed  loading  device 

15.  The  powerful  and  versatile  loading  device  shown  in  fig,  4 
allows  loads,  large  or  smsill,  to  be  applied  to  test  specimens  (tires, 
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:^hock  absorbers,  soils,  etc.)  at  controlled  velocities  for  preset  single 
strokes  adjustable  from  10  to  30  Design  velocities  for  the  loading 
device  range  from  near  zero  to  about  I3OO  cm/sec.*  During  the  early 
part  of  the  stroke,  the  plunger  is  accelerated  from  rest  to  a  preset 
velocity;  over  the  middle  portion  of  the  stroke,  velocity  remains  con¬ 
stant  (within  +10  percent);  and  near  the  end  of  the  stroke,  the  plunger 
is  rapidly  decelerated  to  zero  velocity.  When  operating  in  air  at  full 
30-cm  stroke,  the  portion  of  the  total  stroke  that  remains  within  +10 
percent  of  constant  speed  is  about  90  percent  for  speeds  of  the  order 
of  10  cm/sec j  but  drops  to  about  20  percent  at  maximum  speed. 

16.  For  test  yeiocities  up  to  200  cm/sec,  conventional  column- 
type  load  cells  were  used  to  measure  the  resistance  of  sand  to  penetra¬ 
tion.  The  very  large  forces  associated  with  both  the  acceleration  and 
the  deceleration  phases  of  penetrations  at  larger  velocities  required 
that  penetration  resistance  be  measured  by  special  low-mass,  web-type 
load  cells  with  mechanical  restraint  to  prevent  destructive  overload. 

Only  two  of  these  special  cells  were  available  at  the  time  of  testing, 
one  of  2224-N  and  another  of  11,120-N  capacity.  In  each  test  with  the 
high-speed  loading  device,  an  accelerometer  mounted  just  above  the  load 
cell  measured  acceleration  during  penetration. 

Test  Procedures 

Standard  measurements  of  G 

17.  After  a  given  air-dry  Yuma  sand  test  bed  was  constructed, 
standard  measurements  of  G  were  taken  at  six  locations  spaced  uni¬ 
formly  over  the  length  of  the  test  bed  at  its  transverse  center  line. 

A  bed  was  accepted  for  testing  only  if  all  its  standard  G  values  were 
different  from  their  average  by  no  more  than  +10  percent.  After  test 
penetrations  with  the  various  cones  and  plates  in  a  given  sand  bed  were 

*  The  nominal  upper  limit  of  penetration  velocity  was  taken  as  600  cm/sec 
for  this  study  because  the  available  load  cells  were  unable  to  with¬ 
stand  the  acceleration  and  deceleration  forces  associated  with  hi^er 
velocities . 
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completed,  standard  G  values  vere  again  obtained  at  tvo  or  three  lor 
cations  over  the  length  of  the  test  bed.  The  G  value  reported  for  each 
sand  bed  is  the  average  of  all  before-test  and  after-test  values  measured. 
Tests  of  cones  and  plates 

l8.  At  least  duplicate  (occasionally  triplicate)  penetrations 
were  made  for  each  combination  of  probe  size,  shape,  and  velocity 
assigned  to  a  given  sand  test  bed.  Testing  involved  the  measurement  of 


sand  penetration  resistance  force  (F  ),  as  a  function  of  penetration  of 

z 


penetration  depth  and  velocity  of  penetration.  Quite  often,  situations 
arose  where  system  inertial  forces  were  large,  even  during  the  near¬ 
constant  velocity  segment  of  the  penetration  stroke  that  was  of  interest. 


To  preserve  resolution  in  recording  F  ,  a  special  technique  was  used  to 

Z- 


subtract  from  the  overall  force  signal  a  signal  equivalent  to  those 
forces  due  to  acceleration  and  deceleration  of  the  probe,  shaft,  and  load 


cell  that  passed  through  the  load  cell,  thereby  allowing  F  per  se  to 

z 


be  recorded  directly.  During  each  stroke,  three  separate  signals  were 
continuously  recorded;  (a)  accelerometer  output,  (b)  load  cell  output, 
and  (o)  force  signal  corrected  for  acceleration.  Before  each  test  or 
series  of  tests  with  a  given  probe  at  a  given  velocity,  the  high-speed 
loading  device  was  exercised  by  moving  the  probe  downward  in  air  (i.e. 
with  zero  penetration  resistance)  at  the  test  design  velocity.  In-air 
runs  were  repeated  until,  by  adjusting  potentiometer  settings  that  con¬ 
trolled  the  correction  signal  from  signal  (a),  the  contribution  of  in¬ 
ertia  to  signal  (c)  was  eliminated,  and  the  value  of  signal  (c)  remained 
constant  at  zero  throughout  the  in-air  run.  During  the  subsequent  in¬ 
sand  test,  signal  (c)  measured  sand  resistance  force  free  of  the  effects 
of  acceleration  and  deceleration  of  the  probe  load  cell  assembly.  Here¬ 
after,  the  term  sand  penetration  resistance  force  (F  )  is  the  force 

z 

measured  by  signal  (c).  Records  of  the  relatively  low  resolution 

signals  (a)  and  (b)  were  used  only  for  spot  checks  and  backup. 

19.  Two  other  variables  were  also  electrically  recorded:  probe 

vertical  velocity  (V  )  and  depth  of  the  probe  relative  to  the  sand 

z 

surface.  (Zero  depth  was  the  point  where  the  probe  base  was  flush 
with  the  original  sand  surface.)  The  five  electrical  test  signals  were 
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recorded  on  analog  magnetic  tape  and  later  machine  digitized  at  1-cni 
penetration  increments . 

20.  Tests  were  conducted  by  moving  a  sand  bin  beneath  the  high¬ 
speed  loading  device  (fig.  h) ,  mounting  a  given  probe,  zeroing  out  the 
effects  of  probe  acceleration  (paragraph  18),  and  penetrating  vertically 
at  the  desired  velocity.  A  single  longitudinal  lane  of  tests  at  the  bin 
transverse  center  line  was  developed  by  rolling  the;  bin  along  steel  tracks 
from  one  specified  test  position  to  the  next.  Minimum  spacing  between 
adjacent  penetrations  was  based  on  a  zone  centered  on  the  vertical  axis 
of  the  probe,  the  zone  being  circular  in  shape  and  of  radius  equal  to 
six  times  the  smaller  dimension  of  the  probe  for  rectangular  probes  emd 

g 

six  times  the  diameter  for  circular  probes.  Fig.  6  illustrates  one 


such  spacing.  No  influence  of  adjacent  penetrations  on  individual 


versus  depth  curves  was  noted 
in  analyzing  the  results  of 
this  study. 

21.  For  each  penetration, 
the  length  of  stroke  required  to 
reach  near-constant  velocity  was 
noted  when  the  effects  of  probe 
acceleration  were  zeroed  out  in 
air  prior  to  testing.  The  pre¬ 
test  height  of  the  probe  above 
the  sand  was  then  set  to  a  value 
slightly  greater  than  this 
length,  so  that  the  probe  was 
operating  near  the  nominal  test 
design  velocity  when  it  con¬ 
tacted  the  sand.  In  spite  of 
this  procedure,  values  of  pene¬ 
tration  velocity  were  found  to 
vary  considerably  during  the 


Fig,  6.  Example  of  spacing  between 
adjacent  vertical  penetrations  in  a 
Yuma  sand  test  bin 


first  lli  cm  of  penetration  by 
the  probe  base  for  nearly  all 
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sand  penetrations  at  nominal  velocities  of  3OO  and  6OO  cm/sec,  as  well 
as  for  some  penetrations  at  lower  velocities. 

22.  This  variability  in  vertical  velocity  caused  no  real  problem. 

A  discussion  of  this  consideration  and  how  the  level  o'f  the  velocity 
affects  the  shape  of  the  probe  base  pressure  versus  depth  curves  for 
cones  and  plates,  and  thus  affects  the  choice  of  locations  along  these 
curves  to  be  singled  out  for  analysis,  is  included  in  paragraphs  25-30. 

23.  Each  of  the  cones  and  plates  listed  in  paragraph  12  was  tested 

at  at  least  one  penetration  velocity  in  Yuma  sand  test  beds  of  three 

strength  levels--G  values  of  about  1.3.  2.9,  and  6.2  MN/m'^.  Probes 

2 

smaller  than  3 *23 -cm  base  area  v;ere  tested  only  at  the  lowest  test 
velocity  (*3.05  cm/sec)  because  the  two  special  load  cells  designed  for 
high-speed  use  had  capacities  too  large  {222h  and  11,120  N)  to  allow 
accurate  measorement  of  the  small  values  developed  by  these  very 

small  probes.  Neither  were  all  of  the  other  possible  combinations  of 
probe  size,  shape,  and  velocity  and  sand  G  value  tested.  Enough  were 
tested,  however,  to  develop  a  useful  description  of  the  influence  of 
each  of  these  variables  on  sand  penetration  resistance. 


Analysis  of  Data 


24.,  Results  of  vertical  penetration  tests  in  air-dry  Yuma  sand  at 

velocities  from  3  to  over  6OO  cm/sec  are  presented  in  table  1  for  five 

sizes  of  30-deg -apex -angle  cones,  and  table  2  for  five  shapes  and  a 

range  of  sizes  of  flat  plates. 

Curves  of  probe  base  pres¬ 
sure  (Fj,/a)  versus  probe  depth 

-25.  Effects  of  velocity  on  cut^ve  shape.  Velocity  was  fomid  to 
nave  pronounced  effects  on  the  shape  of  the  curve  of  probe  base  pressure 
(sand  penetration  resistance  force  per  unit  probe  base  area,  Fj,/A)  versus 
-depth  of  probe  base  for  each  of  the  cones  and  flat  plates  tested.  Plate  1 
shows  the  curves  obtained  for  the  standard  3.23-cm^  cone  in  the 
G  =  2.48  MN/m"^  sand  test  bed  for  each  of  the  six  nominal  penetration 
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velocities--3.05,  30,  100,  200,  300,  and  600  cm/sec.*  The  progression 
in  the  shapes  of  these  ciirves  is  representative  of  that  obtained  for 
each  size  of  cone  tested  in  a  sand  bed  of  given  strength  for  the  range 
of  velocities  considered. 

26.  At  least  three  features  of  the  curves  in  plate  1  are  signif¬ 
icant.  First,  the  value  of  probe  base  pressure  at  zero  cone  base  depth 
increases  drastically  as  penetration  velocity  increases.  Second,  the 
shapes  of  the  curves  depart  from  near  linearity  as  velocity  increases 
beyond  about  100  cm/sec.  Third,  the  several  curves  in  plate  1  tend  to 
merge  at  about  a  cone  base  penetration  of  10  cm.  This  indicates  that 
disturbance  of  the  sand  ahead  of  the  standard  cone  causes  the  consis¬ 
tency  of  the  sand  penetrated  at  cone  depths  greater  than  about  10  cm  to 
correspond  to  the  sand's  critical  void  ratio.** 

27.  A  family  of  curves  similar  to  those  in  plate  1  is  presented 

2 

in  plate  2  for  the  25.8-cm  ,  1:4  rectangular  plate  tested  over  a  range 
of  velocities  in  Yuma  sand  test  beds  of  G  ^  2.9  M/m^  .  The  features 
described  in  paragraph  26  for  plate  1  and  the  standard  cone  also  apply 
to  plate  2  if  (a)  the  term  "cone  base  depth"  in  paragraph  26  is  re¬ 
placed  by  "plate  base  depth,"  and  (b)  the  curves  in  plate  2  are  scruti¬ 
nized  only  in  the  2.5-  to  15-cm  range  of  plate  base  depths.  In  all 
considerations  that  follov,  probe  base  pressure  data  obtained  for  the 
test  plates  in  the  0-  to  2. 5 -cm  depth  range  are  ignored  because,  in  each 
test,  penetration  to  some  depth  within  this  range  was  required  before 
values  of  probe  base  pressure  stabilized  to  the  pattern  that  prevailed 
over  the  major  portion  of  the  0-  to  15 -cm  depth  range. 

28.  Selection  of  parts  of  curves  for  detailed  analysis.  In  de¬ 
ciding  what  points  from,  or  portion  of,  the  curves  of  probe  base  pres¬ 
sure  versus  depth  to  analyze  under  the  influence  of  probe  velocity,  it 
is  well  to  consider  the  practical  implications  of  testing  at  near¬ 
constant  velocity.  For  vertical  penetrations  by  probes  in  sand,  interest 

*  The  coordinates  of  each  curve  in  plates  1  and  2  were  obtained  by 
averaging  the  coordinates  of  the  curves  from  two  or  more  replicate 
tests  conducted  at  that  particular  nominal  test  velocity. 

**  At  the  critical  void  ratio,  the  rate  of  application  of  the  shearing 
stress  has  no  effects  on  the  shearing  resistance  of  sand. 

14 


generally  centers  on  the  curve  only  for  the  low,  near-constant-speed 
situation.  It  is  very  unusual  for  vertical  penetration  velocity  in 
sand  to  be  maintained  near-constant  at  a  level  of,  say,  200  cm/sec  or 
above  to  15  cm  or  more  deptli  in  real -world  applications.  Mechanically 
driven  probes  nearly  always  penetrate  sand  at  much  lower  near-constant 
velocities,  and  nondriven,  i.e.  air-dropped  or  impact -propelled,  probes 
begin  deceleration  immediately  upon  contact  with  the  sand. 

29.  Accordingly,  the  equation  of  the  least -squares ,  best-fit 
straight  line  that  describes  the  probe  base  pressure  versus  depth  curve 
was  obtained  for  a  given  (generally  low-speed)  test* **  only  if  at  least 
90  percent  of  its  digitized  velocity  readings  differed  from  their  aver¬ 
age  by  no  more  than  +^10  percent  during  the  first  15  cm  of  probe  base 
penetration.  For  the  cones,  these  equations  were  based  cn  probe  base 
pressure  and  depth  readings  in  the  first  15  cm  of  base  penetration;  for 
the  plates,  in  the  first  2.5  to  15  cm  of  base  penetration.  For  each 
near-constant-speed  test,  the  probe  base  pressui'e  versus  depth  relation 
was  described  by  an  equation  of  form  F_ /A  =  (F  /A  at  zero  probe  base 
depth)  +  (depth)  and  the  coefficient  of  correlation  for  each 
test  was  equal  to  at  least  0.9*  For  each  of  these  tests,  tables  1  and 
2  report  G,  and  the  average  value  of  velocity  that  prevailed  in  the 
depth  range  described  by  the  equation.  Also,  values  of  probe  base  pres¬ 
sure  at  0-  and  2.5-cm  base  depths  are  reported  for  the  cones  and  plates, 
respectively,  and  at  It-cm  depth  for  both  the  cones  and  the  plates,  on 
the  basis  of  values  indicated  for  these  depths  from  their  least-squares 
equations  relating  probe  base  pressure  and  depth. 

30.  For  tests  whose  velocity  values  did  not  satisfy  the  +10  per¬ 
cent  criterion,  table  1  reports  values  of  probe  base  pressure  and 

*  Here,  a  "test"  is  composed  of  either  two  or  three  penetrations  made 
adjacent  to  one  another  under  one  set  of  preselected  values  of  probe 
size,  shape,  and  velocity. 

**  G  is  the  gradient,  or  slope,  of  the  probe  base  pressure  versus 
depth  curve  for  any  given  probe  at  any  given  velocity  V.^  small 
enough  to  allow  the  curve  to  be  near-linear.  G  without  a  subscript 
denotes  the  gradient  obtained  under  "standard"  conditions,  i.e. 
vertical  penetration  with  a  cone  at  3. 05  cm/sec  in  the  0-  to 

15 -cm  sand  layer. 
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vertical  velocity  at  G-  and  15-cm  base  depths  for  the  cohea,i  and  at 
2.5-  and:15-cffi  base  depths  for  the  plates  that  were  obtained  by  averag-' 
ing  the  digital  printout  values  Itbm'the  two  or  more  replicate  tests  at 
the;  partic^ar  probe  base  depth  of  interest.  The-'O-  and.2:.5-cm  base 
depths  were  considered  of  interest  for  the  cones  a^^lates , 'respee^-^  1-  v 
tively,  because  probe  base  pressure  and  vertical  velocity  readings  at-  T; 
these  depths  should  match  fairly  closely  corresponding  readings  for  air¬ 
dropped  or  inrpact -propelled  cones  and  plates  at  the  same  depths.  Values 
of  probe  base  pressure  and  vertical  velocity  were  sampled  at  the  15-cm 
depth  to  demonstrate  that  probe  base  pressure  at  substantial  depth  is 
nearly  constant ' over  the  full  range  of  velocities  tested  by  a  given 
probe  in  sand' of  given  3  value. 


Penetration  resistance  gradient 


31.  Because  the  curve  of  probe  base  pressiire  versus  depth  gener¬ 
ally  departs  more  and  more  from  linearity  as  velocity  increases  beyond 


the  standard  vailue  of  3-05  cm/sec,  a  method  of  estimating  G  for  the 

X 


various  test  probes  was  developed  only  for  this  one  velocity  level,  for 
a  single  type  of  seind  penetrated  at  one  speed  by  plates  and  cones  of 


various  sizes  and  shapes,  tlie  relation  between  G^  and  G  should  be 


influenced  only  by  the  dimensions  of  the  probes. 

32.  Effect  of  probe  shape.  Vertical  penetrations  were  made  at 
3.05  cm/sec  with  each  of  the  23  test  probes  in  sand  test  beds  of  three 
strength  levels — standard  G  values  of  about  1.4,  3*4,  and  6.6  MW/m'^. 
Plate  3  shows  that  a  linear  (but  not  1:1)  relation  exists  between 


standard  G  and  G  measiired  with  one  size  (25.8-cm‘^  base  area)  of 

X 


each  of  the  six  probe  shapes  tested.  No  significant  separation  in  this 
relation  by  probe  shape  is  noted,  although  a  very  broad  range  of  shapes 
is  represented  by  the  data. 


33*  Effect:,  of  probe  size.  The  relation  of  standard  G  to  G 


measured  by  probe  sizes  ranging  from  I.29  to  58. 1  cm^  is  presented  in 
plate  4.  This  relation  can  be  described  by  a  family  of  straight  lines, 
separated  by  probe  size,  that  passes  through  coordinates  (1,  l) .  The 
equation  for  these  lines  is 


(G^  -  1)  =  a(G  -  1) 


(1)- 


Slope  a  is  linearly  related  to  the  ratio  jC  /i  by  the  eqiiation 

S  X 


a 


=  0.20  +  ^0,80 


(where  and  are  the  square  roots  of  the  base  areas  of  the 

standard  3»23-cin^  cone  and  of  the- probe  used  to  obtain  a  given  G^ 


value,  respectively).  Thus,  equation  1  becomes 

a 


G  (G  -  1) 


0.20  + 


(o. 


ao  - 


+ 1 


(2) 


.  3^*  Equation  2  indicates  that  if  values  are  known  for  G  awS. 


from  a  standard  penetration  {I  =  V3-23  cm^  =  1.80  cm),  then  G 


can 


be  estimated  knowing  only  the  value  of  i  for  the  particular  cone  or 

S.'  .  .  X 


flat  plate  of  interest.* 

35 •  Equation  2  also  can -be  expressed  as 

/■  I 


G  -  1  / 

-ihr  ■  (=-8°  f  . 


a  relation  of  dimensionless  ratios  that  describes  G  and'  its  aosoci- 

X 


ated  -  X  value  normalized  relative  to  G  and  i  ,  values  descriptive 
X  s 


of  a  standard  cone  penetration.  In  the  paragraphs  that  follow,  descrip¬ 


tions  are  developed  of  sand  penetration  resistance  force  (F^)  at  2.5- 


and  0 -era  depths  for  the  flat  plates  and  cones,  respectively.  The  format 


in  each  case,  F  will  be  described  relative  to  the  dimensions  of  its 
z 


associated  probe  base  in  a  relation  of  dimensionless  ratios  normalized 

relative  to  the  standard  cone  penetration. 

Penetration  resistance  force  (F  ) 

z 

for  flat  plates  at  base  depth  =  2.5  cm 

36.  Some  rheological  considerations.  In  plate  5s  the  relation  of 


O 

*  Equation  2  is  applicable  only  if  G  and  G  are  measured  in 

X 
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of  these  descriptions  will  be  similar  to  that  developed  for  G  in  that, 

X 


probe  base  pressure  to  vertical  velocity  is  shown  for  one  plate  shape 
(circular  base  area)  and  five  plate  sizes — ^base  areas  from  1.29  to 
58.1  cm  — from  tests  in  sand  beds  of  G  values  near  6,2  MN/mr.  The 
data  separate  by  plate  size,  and  the  curves  have  the  same  general  shape. 
Before  dealing  with  the  effect  of  plate  size,  it  is  useful  to  consider 
some  basic  information  from  rheology. 

37*  In  rheology,  the  flow  characteristics  of  a  material  usually 
are  described  in  terms  of  the  relation  of  shearing  stress  to  rate  of 
shear.  For  example,  the  logarithmic  portion  of  the  curve  in  fig.  7 
illustrates  the  flow  characteristics  of  a  pseudoplastic,  or  shear- 


Fig.  7«  Approximation  of 
the  flow  curve  of  a  pseudo¬ 
plastic  material  with  yield 
value  i|t 


thinning,  fluid,  i.e.  a  fluid  whose  shear  stress  increases  less  and 
less  rapidly  with  increasing  rate  of  shear.  There  is  speculation  that 
this  relation  does  not  remain  a  power  function  throughout  an  extended 
range  of  shearing  stresses  or  rates  of  shear.  Rather,  it  is  thought 
that  "the  logarithmic  function  appears  to  fit  that  part  of  the  curve 
lying  between  two  limiting  straight  portions" ^  (also  shown  in  fig.  7). 


18 


The  logarithjniG  part  of  the  pseudoplastic  flow  curve  is  well  documented; 
however,  the  curve  shape  beyond  the  logarithmic  portion  is  open  to 
question  because  of  the  limited  amount  of  data  reported  in  the  litera¬ 
ture  for  shear  rates  outside  the  logarithmic  zone. 

38.  The  cxirve  shapes  in  fig.  7  and  in  plate  5  are  similar.  Be¬ 
cause  the  resistance  of  sand  to  penetration  by  a  probe  is  a  function  of 
sand  deformation  and  flow,  it  is  considered  reasonable  to  begin  the  de¬ 
scription  of  this  resistance  in  units  common  to  the  rheological  approach. 
The  y-axis  term  in  fig.  7  has  units  of  pressure,  the  same  as  the  units 
of  probe  base  pressure  in  plate  5.  The  x-axis  term  in  fig.  7  has  units 
of  velocity  divided  by  length,  or  units  of  velocity  gradient.  To  cause 
the  x-axis  terii  in  plate  5  to  have  these  units  ,  plate  velocity  must  be 
divided  by  some  characteristic  linear  term  of  the  probe -sand  system. 

The  term  i  =Va  was  chosen  so  that  the  velocity  gradient  (i.e.  V  /jj) 
for  each  test  plate  shape  would  be  described  on  a  common  basis. 

39.  Effects  of  plate  size  and  velocity  (V  ^  3  m/sec).  In  ex- 
amining  the  relation  between  probe  base  pressure  and  velocity  gradient, 
attention  is  restricted  first  to  data  with  a  velocity  ^3  m/sec.  An 
example  of  the  reason  for  this  is  shown  in  plate  5>  where  relations  are 
shown  for  the  five  circular-base-area  plates,  using  data  from  tests  in 
sand  beds  of  G  near  6.2  MN/n^.  Each  curve  is  convex  upward  (and  plots 
straight-line  on  logarithmic  paper)  for  values  of  velocity  ^  3  m/sec. 

For  velocity  >3  m/sec,  the  curve  shape  is  different,  indicating  a  dif¬ 
ferent  type  of  influence  of  velocity  on  probe  base  pressure.  A  change 
from  convex  upward  to  another  curve  shape  was  also  obtained  at  a  veloc¬ 
ity  of  about  3  m/sec  for  each  of  the  other  combinations  of  probe  size 
and  shape  and  sand  G  value  tested.  Thus,  a  velocity  of  3  m/sec 
appears  to  be  a  meaningful  upper  limit  to  use  in  the  next  stage  of 
analysis. 

40.  The  logarithmic  relation  of  probe  base  pressure  to  velocity 
gradient  is  shown  in  plate  6a,  using  those  data  from  plate  5  with  veloc¬ 
ity  s3  m/sec.  For  these  circular  flat  plates,  the  relation  is  described 
y,'  a  family  of  parallel  straight  lines  separated  by  plate  base  area. 

Plate  6b  demonstrates  that  these  data  fit  closely  about  one  line  if 


is  used  instead  of  A  in  the  y-axis  variable.  The  ordinate  term 

/A^*^  has  units  that  lie  almost  midway  between  force  per  unit  area 
2 1 

and  force  per  unit  volume.  This  term  is  useful  in  that  it  describes  on 
a  common  basis  the  relation  of  F_^  to  plate  size  under  the  influence 
of  a  range  of  values  of  velocity  gradient  for  a  variety  of  sizes  of 
flati  circular  plates. 

41.  Effect  of  sand  strength.  All  the  data  in  plates  5  and  6 

were  obtained  in  sand  test  beds  with  G  near  6.2  MN/m'^.  Tc  describe 
the  *  versus  velocity  gradient  relation  in  plate  6b  on  a  common 

basis  for  a  range  of  G  values ,  this  relation  was  normalized  relative 
to  conditions  associated  with  the  standard  cone  I'enetration  used  to  ob-  ; 
tain  G  .  In  the  normalized  ratios  used  in  subsequent  analysis  for  both 
plate  and  cone  penetrations,  the  numerator  will  have  subscript  x  (to 
denote  the  numerator's  value  not  being  limited  to  any  particular  set  of 
conditions  relative  'to  probe  size,  shape,  or  speed),  and  the  denominator 
will  have  subscript  "s  (to  indicate  that  its  \ra,lue  was  obtained  xuider 
condi tions  associated  with  the  measurement  of  standard  G  ) . 

42.  Thus,  the  normalized  abscissa  term  is  (V  /£)  /(V  /ji)  , 

’  z  X  '  z  s  ’ 

which  is  further  abbreviated  to  (V  /X)  and  hereafter  called  the  ve- 

z  xs 

locity  gradient  ratio.  The  term  (V  /X)  has  a  value  of  3.O9  csti/sec 

s 

divided  by  I.80  cm  or  1.69  sec  .  Similarly,  the  normalized  ordinate 
term  is  the 

plate-cone  stress  ratio.  In  ,  ^A^'  =  (3.23  cm^) 

=  4.08  cm^*  ,  and  (F_)_  is  the  vertical  sand  resistance  force  acting 


z  s 


on  the  3. 23 -cm  cone  at  3.C5  cm/sec  speed  at  zero  (not  2. 5 -cm)  base 
depth  penetration.  Values  inside  parentheses  in  the  terms  (V  /X) 

Z  X 


and 


describe  the  plate  penetration  of  interest. 


43.  The  relation  of  plate-cone  stress  ratio  to  velocity  gradient 
ratio  is  shown  in  plate  7  for  tests  of  flat  circular  plates  of  sizes 
from  1.29  to  58.1  cm  in  sand  test  beds  of  G  values  from  I.08  to 
6.91  MN/ra'^,  with  vertical  velocity  i3tn/sec.  The  closed-symbol  data 
poiuts  represent  the  same  data  shown  in  plate  6b.  Clearly,  the  normali¬ 
zation  technique  described  in  paragraphs  4l  and  42  can  be  used  success¬ 
fully  to  account  for  the  effects  of  sand  strength  on  the 
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m 


versus  velocity  gradient  relation.  The  eq,uation  of  the  straight  line 
used  in  plate  7  to  describe  the  test  results  is 


0.25 


=  2. 


44.  Effect  of  plate  shape.  A  well-defined,  straight-line  log¬ 
arithmic  relation  between  velocity  gradient  ratio  was 

obtained  for  each  of  the  other  shapes  of  flat  plates  tested  (rectangu¬ 
lar  plates  of  1:1,  1:2,  1:4,  and  1:8  width-to -length  ratios).  For  each 
plate,  the  slope  of  the  line  was  essentially  the  same,  0.25;  however, 
the  value  of  became  progressively  smaller  at  a  given 

value  of  velocity  gradient  ratio  as  plate  shape  changed  from  circular 
to  1:1  to  1:2  to  1:4  to  1:8.  This  separation  was  accounted  for  by 
normalizing  the  ordinate  variable  in  terms  of  area-perimeter  ratio 
(a/p  =  4^)*  given  "x"  plate  raised  to  the  0.4  power,  relative  to 
the  corresponding  value  of  a  circular-base -area  probe  of  the  same  base 
6irea  as  the  "x"  plate.  That  is,  the  ordinate  term  was  changed  from 
to 


or 


where 


(“hi 


is 


a/p  for  a  circular-base -area  probe  of  the  same  base 
area  as  plate  “x."  The  term  ^  }cx 

"plate-cone  stress  ratio,"  the  same  name  coined  first  in  paragraph  42 


Recent  literature  on  plate  penetration  in  soils  has  designated  the 
ratio  a/p  (the  inverse  of  the  perimeter-area  ratio  more  commonly 
used  in  soil  mechanics)  as  the  "hydraulic  radius,"^®  and  the  notation 
a/p  =  R^  has  been  used  in  this  report. 


21 


for 


for  cireular-basfe^area  plates  ■vhich  have  a  value  of 

)  of  1. 

'ex 

45.  Plates  7  and  8  demonstrate  that  a  single  relation 


.-‘(U 


describes  quite  well  the  response  of  F  to  a  wide  range  of  sand 


strengths  (G  values  from  I.08  to  6. 91  MN/m"^)  and  plates  sizes  and 
shapes.*  The  upper  limit  of  vertical  velocity  in  plates  7  and  8  is 
3  m/sec.  For  the  data  shown,  values  of  velocity  gradient  ratio  ranged 
from  0.236  to  98.0,  which  corresponds  to  a  range  of  values  of  plate- 
cone  stress  ratio  from  equation  3  of  1.67  to  7.55. 


46.  Describing  F^  xor  the  full  velocity  range  tested.  To  ex¬ 


pand  the  description  of  F^  to  include  veilues  of  velocity  larger  than 


3  m/sec,  a  relation  is  used  similar  to  one  often  employed  in  x’luid 
mechanics  ajxd  aerodynsimics.  In  this  relation,  drag  coefficient 
(di’ag  force/inertial  force)  is  plotted  on  logarithmic  paper  against 


Reynolds  number  N,,  (inertial  viscous/ force),  with  a  characteristic 
K 


curve  shape  being  produced  like  that  in  fig.  8.  In  the  viscous  range, 
the  slope  of  the  curve  is  -45  deg,  i.e,  negative  1:1,  indicating  that 
[drag/inertial  force  Of  (inertial  force/viscous  force )"^J  or 
drag  is  directly  proportional  to  viscous  force.  In  the  dynamic  range, 
the  curve  is  practically  flat,  so  (drag/ inertial  force)  =  a  constant  , 
i.e.  drag  is  directly  propcetional  to  inertial  force  only.  The  shape 
of  the  curve  in  the  transition  range  depends  on  both  the  viscous  and 
the  inertial  properties  of  the  medium  penetrated. 

47,  Certainly,  air-dry  sand  does  not  develop  viscous  forces  in 
the  conventional  sense  that  these  forces  arise  from  fluid  layers  within 
a  material  interacting  with  one  emotiier.  However,  the  increase  in  shear 


*  Because  plate  7  represents  test  results  for  circular  plates. 


=>  1  ,  and  the  ordinate  variable  in  plate  7  has  the  same  meaning  as' 


(#■'1  w 


VISCOUS 

RANGE 


TRANSITION  RANGE 


DYNAUIC  RANGE 


N  -  inertial  force 

"  “  VISCOUS  fORCE 

Fig.  8.  Representative  drag  coefficient  versus 
Reynolds  number  curve 

resistance  in  the  logarithmic  portion  of  the  c\jrve  in  fig.  7  does 
result  from  viscosity,  and  equation  3  was  developed  to  describe 
in  a  normalized,  logarithmic  format  starting  with  variables  similar  ^ 
to  those  in  fig.  7  (plates  7  and  8  and  paragraphs  39-^5 )•  Thus,  the 
increase  in  for  velocity  ^3  m/sec  follows  a  pattern  similar  to 

the  increase  in  viscous  force  of  a  pseudoplastic  fluid.  Note,  also, 
that  inertial  force  developed  by  a  probe  of  base  area  A  and  velocity 
V  in  a  fluid  of  density  p*  described  by 


48.  Taking  the  considerations  above  into  account,  a  relation 
similar  to  that  in  fig.  7  was  developed  for  flat  plates  in  air-dry  sand 
by  (a)  replacing  "viscous  force"  in  fig.  6  with 


\  /  s 


X  2.41 


(from  equation  3),  (4) 


*  For  air-dry  sand,  p  is  mass  density,  defined  as  sand  unit  dry 
weight  divided  by  acceleration  due  to  gravity,  7^/g  . 


(b)  computing  "inertial  force"  for  sand  as 


and  (c)  using  measured  in  place  of  "drag  force,"  Plate  9  shows 

this  relation,  using  all  of  the  data  from  the  WES  tests  of  flat  plates 
.in  air -dry  Yuma  sand.  (C^en-symbol  data  in  plate  9  were  obtained  at 
■Vertical  velocities  s3  m/sec,  closed-symbol  data  at  velocities  >3  m/sec, 
l!he  curve  that  describes  this  relation  is  linear  with  a  slope  of  -1  for 
abscissa  values  up  to  about  0.02.  Beyond  0.02,  the  data  describe  a 
curve  that  approaches  the  horizontal  more  and  more  as  values  of  the 
abscissa  term  increase.  This  indicates  that  inertial  forces  contrib¬ 
uted  to  for  vertical  velocities  >3  m/sec,  but  no  plate  test  was 

conducted  at  velocities  large  enoiagh  to  cause  /F  to  be  dominated 

V  2  'X 

by  inertial  forces. 

49.  To  estimate  '  "4^®  relation  in  plate  9  requires 

knowledge  of  the  size,  shape,  and  velocity  of  the  flat  plate  of  interest 

the  mass  density  of  the  sandj  and  information  in  terms  of  F  ,  A  , 

z 

V  ,  and  i  from  a  cone  penetration  to  obtain  standard  G  .  Then,  the 
value  of  ^F^^  is  estimated  by  calculating  the  value  of  the  abscissa 
term  in  plate  9;  determining  the  corresponding  ordinate  value  from  the 
curve;  and  multiplying  this  ordinate  value  by  the  value  of  PAV^^2  for 
the  plate  of  interest. 

^F^^  for  cones  at  base  depth  =  0 


50.  The  same  proced.ure  outlined  in  paragraphs  39-43  for  the  flat 
plates  was  used  to  obtain  a  description  of  ^F^^  at  zero  base  depth 
for  30"deg-apex -angle  cones  of  a  range  of  sizes  tbase  areas  from  I.29 

p 

to  58.1  cm  )  in  Yuma  sand  test  beds  of  G  values  from  I.08  to 

6.91  with  velocities  ^3  m/sec.  The  logarithmic  relation  of  cone 

stress  ratio  velocity  gradient  ratio 

in  plate  10,  effectively  describes  in  a  normalized  format  that 

includes  measurements  of  all  t.*e  ma^iOr  v^iables  that  influence  ^F^y  , 


The  relation  is  different  from  the  corresponding  one  for  flat  circular 
plates  (plate  7)  in  that  (a)  A“*^  instead  of  appears  in  the 

ordinate  term,  and  (b)  the  ordinate  term  in  plate  10  increases  log- 
linear  ly  only  after  velocity  gradient  ratio  values  exceed  about  2,3, 

51.  The  curve  in  plate  10  must  pass  through  coordinates  (1,1) 
since  the  variables  in  plate  10  are  normalized  relative  to  the  standard 
cone  penetration.  Accordingly,  the  horizontal  part  of  the  curve  in 
plate  10  has  ordinate  value  1.0.  For  values  of  velocity  gradient  ratio 
greater  than  2.3,  the  relation  is  described  by 


Thus,  a  velocity  gradient  ratio  of  2.3  can  be  considered  a  threshold 
value  below  which  cone  stress  ratio  remains  ess intially  constant,  and 
above  which  it  increases  as 

52.  In  plate  11,  all  the  data  from  plate  10  (open  symbols),  to¬ 
gether  with  all  data  for  the  cones  at  velocities  ^3  m/sec  (closed  sym¬ 
bols  ) ,  are  plotted  logarithmically  in  the  relation  of 


No  significant  departure  of  the  data  from  a  line  of  slope  ec^ual  to  -1  is 
noted,  indicating  that  the  velocities  of  these  cone  tests  were  not  large 
enough  to  develop  inertial  forces  that  were  sizable  in  comparison  with 
the  forces  expressed  by  the  denominator  of  the  abscissa  term.  This  re¬ 
sult  was  obtained  even  though  values  of  velt -ity  up  to  6.9G  m/sec  are 
included  in  plate  11. 

53*  A  CMaparison  of  plate  10  with  plate  7  and  plate  11  with 
plate  9  shows  that  for  cones  and  flat  plates  is  markedly 

different  even  though  these  probes  had  circular  bases  of  the  same  range 
of  sizes  and  operated  over  about  the  same  range  of  velocity  values  in 


sand  beds  of  similar  G  values  for  the  tests  reported  herein. 


(f^)  for  plates 


and  cones  at  15-cm  depth 


54.  Values  are  listed  in  tables  1  and  2  for  sand  penetration 
resistance  force  velocity  (^z)  measured  at  15 -cm  probe 

base  depth  for  each  cone  and  plate  penetration.  For  each  combination 
of  probe  size  and  shape  and  sand  G  value,  ^F^^  varied  only  slightly 
with  velocity  at  the  15-cm  depth  (reference  plates  1  and  2).  If  a 
situation  arises  where  (F  )  needs  to  be  estimated  at  some  substantial 

V  z/x 

probe  base  depth  (say,  SIO  cm)  for  a  given  flat  plate  or  cone  with 
velocity  of  >3.05  cm/sec,  a  reasonable  approach  is  to  estimate  ^F^^ 
at  that  depth  for  the  probe  of  interest  with  velocity  equal  to 
3.05  cm/sec.  To  accomplish  this,  first  estimate  ^F^^  at  2.5-cm  base 
depth  for  a  given  plate  using  equation  4  (plates  7  and  8) ;  or  estimate 
^F^j  at  zero  base  depth  for  a  given  cone  using 


s  2.3  and 


X  0.65  [-r 


for  (v  i)  >2.3  (plate  10).  In  these  estimates  of  (f„)  ,  use 

>  \  \  2/  /xs  .  ^  'X 

V  zj  ~  cra/sec.  Next,  estimate  for  the  probe  of  Interest  by 
using  equation  2  jagain,  with  ~  3*05  cm/secj  .  Then,  ^F^^  for 

(Vz)jj  i  3.05  cm/sec  at  the  depth  of  interest  (^0  cm)  can  be  approxi¬ 
mated  by  0  0^  2.5  cmj  +  X  (depth  of  interest  -  0  or 

2.5  cm)j  . 


PART  III:  LOW -SPEED  VERTICAL  CONE  PENETRATIONS 
IN  DRY-TO-MOIST  SAND 


Test  Sand  and  Its  Preparation 


Test  sand 

55.  The  same  type  of  desert  (Yxima)  sand  used  in  the  tests  de¬ 
scribed  in  Part  II  of  this  report  (paragraph  9)  was  also  used  in  the 
tests  described  in  this  part. 

Sand  preparation 

56.  Samples  of  air-dry  Yuma  sand  (moisture  content  from  0,4  to 
0.5  percent)  were  prepared  in  38 -cm-inside -diameter,  30-cm-high  steel 
molds  by  pouring  the  sand  from  a  height  of  45  cm  above  the  mold,  taking 
care  to  cover  the  full  area  of  a  given  mold  uniformly  as  it  was  filled. 
Different  sand  densities  (and  G  values)  were  produced  by  varying  the 
rate  of  sand  discharge  into  the  molds.  This  was  accon5)lished  by  use  of 
an  adjustable  nozzle  in  the  flexible  hose  through  which  the  sand  flowed 
into  the  molds. 

57.  Yuma  sand  test  samples  at  moisture  contents  from  1.1  to  12.3 
percent  were  produced  by  carefully  blending  prescribed  amounts  of  sand 
and  water  to  produce  a  homogeneous  mixture  at  the  desired  moisture  con¬ 
tent.  Three  levels  of  sand  unit  dry  weight  were  used  for  nearly  all  of 
bhe  moist-sand  samples --approximately  15.1j  15.4,  and  16.0  kN/m'^.  For 
a  given  sample,  the  sand  was  placed  in  the  steel  mold  in  shallow  layers 
(from  as  little  as  3.6  to  as  much  as  5.9  cm  thick)  and  each  layer  was 
compacted  by  blows  of  a  12,2-kg  hammer  falling  15  cm.  The  number  of 
blows  and  the  sand  thickness  per  layer  were  varied  until  a  combination 
was  obtained  that  produced  a  near-linear  increase  of  cone  pa^etration 
resistance  with  depth  for  each  combination  of  moisture  content  and  unit 
dry  weight  tested. 

58.  Sand  strength  in  the  test  molds  was  characterized  primarily 
in  terms  of  G  ,  although  measurements  were  also  taken  of  unit  dry 
weight  and  moisture  content  for  each  test  sample.  The  cone  penetration 
resistance  versus  depth  curves  obtained  in  the  test  molds  had  essentially 


the  same  near-linear  shape  as  those  (fig.  2)  obtained  in  the  sand  test 
bins,  for  both  the  air-dry  and  moist  samples  of  Yuma  sand. 


Test  Equipment 


59-  Two  penetrometers  with  the  WES  standard  cone  (3.23-cm‘^  base 
area)  were  used  in  the  vertical  penetration  tests  of  dry-to-moist  Yuma 
sand.  The  first  penetrometer  forced  the  cone  into  the  sand  at  constant 
velocity  from  0.017  to  6  cm/sec  by  means  of  a  mechanical  rack-and -pinion 
gear  arrangement  (fig.  9a).  Cone  penetration  resistance  versus  depth  of 
penetration  was  recorded  by  an  x-y  plotter  (records  similar  to  fig.  2). 

60.  The  second  penetrometer  was  a  triaxial  machine  modified  for 
this  study  by  removing  the  triaxial  chamber,  widening  the  outer  arms  of 
the  moving  element  to  accept  the  39 •^“Ct>'~outside -diameter  test  mold,  and 
mounting  a  cone-shaft-load  cell  arrangement  in  the  center  of  the  moving 
element  (fig.  9b).  This  machine  was  used  for  cone  penetration  tests  at 
speeds  from  0,3  to  35.1  cra/sec.  (Values  of  G  obtained  at  overlapping 
velocity  values  for  the  two  penetrometers  indicated  no  influence  of 
machine  type  on  the  test  results.)  An  oscillograph  recorded  F  ,  depth 
of  cone  penetration,  vertical  velocity,  acceleration,  and  free  of 

the  effects  of  acceleration  and  deceleration  of  the  cone -shaft -load 
cell  assembly.* 


Test  Procedures 


6l.  For  both  penetrometers,  three  cone  penetrations  were  made  in 
each  sand  mold  at  a  given  test  velocity.  Variables  measured  for  each 
mold  included  sand  unit  dry  weight  and  moisture  content,  cone  vertical 


*  The  influence  of  acceleration  and  deceleration  of  the  cone -shaft -load 
cell  assembly  on  measured  sand  penetration  resistance  force  F^  was 
eliminated  for  tests  with  the  modified  triaxial  machine  by  the  same 
technique  described  for  the  uigh-speed  loading  device  in  paragraph  18. 
That  is,  the  Fg  values  reported  herein  reflect  the  interaction  of 
the  cone  euid  sand  only,  not  the  effects  of  accelerating  or  decelerat¬ 
ing  the  cone -shaft -load  cell  assembly. 
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a.  Mechanical  penetrometer  b.  Modified  triaxial  machine 

Fig.  9.  Penetrometers  used  in  vertical  penetration  tests  of  dry-to- 
moist  Yuma  sand  contained  in  steel  molds 


velocity,  and  penetration  resistance  gradient  G  (from  the  curves  of 
cone  penetration  resistance  versus  depth).  Average  values  of  each  of 
these  four  variables  are  listed  in  tables  3  and  4  for  each  sand  mold 
specimen  tested. 


Analysis  of  Data 


62.  The  results  of  vertical  penetration  tests  with  the  standard 
VfflS  3.23-Gm  cone  at  (v^)^  values  frcm  0.01',  to  35.1  cm/sec  in  test 
molds  of  Yuma  sand  whose  moisture  contents  ranged  from  0.4  to  11. 5  per¬ 
cent  are  presented  in  table  3*  Table  4  presents  data  from  a  separate 
block  of  16  tests  with  the  stsindard  cone  at  standard  velocity 
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(3.05  cm/sec)  in  Yuna  sand  inolds  of  0.5/t6  12.3  i)ercent  moisture  content. 
Data  in  table  U  were  obtained  to  cc^leme'nv.  relations  developed  frasi  the 
data  in  table  3* 

Effects  of  velocity  '  ;  ~  ; 

63.  The  relaticm  of  sand  penetration  resistance  gradient  G  ^  to 

vertical  penetration  velocity  (Vz)  is  shown  in  plate  12  for  the 
3.23-cm  cone  tested  at  four  levels  cf-moisture  content  (approximate 
values  of  0.5,  1.4,  2.1,  and  J.O  percent)  and  at  velocities  fran  0.0295 
to  33.4 'cm/sec.*  All  data  in  plate  12  are  from  inolds  of  Yuma  sand  tested 
at  one  level  of  sand  unit  dry  v;eight  approximately  15.4  kN/m"^. 

No  significant  effect  of  velocity  on  G^  is  apparent,  and  the  relation 
for  each  of  the  four  moisture , content  levels  is  described  by  a  horizon¬ 
tal  line.*  Clearly,  G^  is  strongly  infLuenced  b3'-  moisture  content; 
more  than  a  fourfold  increase  in  the  value  of  resulted  from  in¬ 
creasing  moisture  content  from  0.5  to  7*0  percent. 

64.  Nearly  the  full  range  of  values  in  table  3  is  in¬ 
cluded  in  plate.  13,  The  lack  of  influence  of  on  G^  in  plate 

12,  -together  with  the  fact  that  standard  velocity,  3.05  cm/sec,.  is  in¬ 
cluded  in  the  range  of  values  in  the  abscissa  term  of  this  plate, 

allows  values  from  table  3  to  be  considered  equivalent  to  standard 

G  values .  In  all  relations  examined  in  the  remainder  of  this  part  of 
the  report,  tables  3  and  4  are  considered  to  contain  values  of  G  ,  not 
G  • 

X  .  ■ 

Effects  of  unit  dry 
weight  and  moisture  content 

65.  Ghariges  in  the  value  of  unit  dry  weight  produce  corresponding 
changes  in  the  value  of  G  ,  as  demonstrated  in  plate  I3  for  four  levels 

■’■of  moisture  content.  The  semilogarithmic  relation  between  G  and  unit 
dry  weight  in  plate  I3  is  described  by  a  family  of  parallel  straight 

The  insensitivity  of  to  increases  in  velocity  up  to  33*4  cm/sec 
:  (the  largest  velocity  in  plate  12)  agrees  with  results  obtained  with 
the  standard  ccne  in  Part  II  of  this  report.  From  page  1  of  table  1, 

■  Gx  values  obtained  with  the  3.23-cm^  cone  at  approximately  30  cm/sec' 
were  1.44,  2,44,  and  5.^6  MN/m3 .in  sand  test  beds  of  standard  G'  val¬ 
ues  1.40,  2.48,  and  6:06  MN/m3,  respectively. 
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lines  separsited  by  levels  of  moisture  content.  This  indicates  that  a 

given  change  in  the  vedue  of  unit  dry  weight  produces  approximately  the 
* 

same  percentage  change  in  the  value  of  G  for  any  moisture  content 
within  the  range  tested.  Of  course,  the  numerical  change  in  G  caused 
by  a  given  change  in  vinit  dry  weight  increases  as  the  value  of  moisture 
content  increases. 

66.  The  straight  lines  in  plate  13  su'e  described  by  the  equation 

log  G  =  log  a  +  —  (6) 

The  algebraic  value  of  log  a  in  equation  6  increases  with  increasing 
values  of  mpist'ore  content- -see  fig.  10.  This  figure  shows  that  the 
value  of  log  a  increases  rapidly  as  moisture  content  increases  from 
0.4  to  about  3  percent;  beyond  3  percent,  the  rate  of  increase  of  log  a 


0  2  4  e  •  10 

MOISTURE  CONTENT,  PERCENT 

Fig.  10.  Relation  of  log  a  in  equation  6  to  mois¬ 
ture  content 
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becomes  progressively  much  smaller.  Plate  l4  shows  that  variation  in 
moisture  content  influences  G  in  a  pattern  sjnilar  to  its  influence  on 
log  a  in  fig.  10.  For  each  of  the  three  unit  dry  weight  levels  repre¬ 
sented  in  plate  l4,  the  major  portion  of  the  increase  in  G  occurs  as 
moisture  content  increases  from  0.4  to  3  percent. 

67.  In  terms  of  vehicle  mobility,  the  strong  dependence  of  G 
on  moisture  content  at  small  values  of  the  latter  variable  carries 
important  practical  implications.  All  WES  laboratory  tests  of  single 
model  wheels  and  tracks,  as  well  as  of  prototype  vehicles,  have  been 
conducted  in  air-dry  sand.  Thus,  the  descriptions  of  vehicle  running 
gear  performance  based  on  evaluations  of  these  tests  should  be  conserv- 
-ative  when  a  given  value  of  sand  unit  dry  weight  is  considered.*  Anal¬ 
ysis  of  the  results  of  many  field  tests  of  prototype  wheeled  vehicles 
conducted  in  dry-to-wet  sands  indicated  that  G  has  the  same  meaning 
relative  to  running  gear  performance,  no  matter  what  the  moisture.^  A 
strong  statement  to  this  effect  cannot  be  made  at  present,  however,  be¬ 
cause  a  sizable  amount  of  data  scatter  was  present  in  the  relations 
between  running  gear  perfoimance  and  a  prediction  term  that  included  G  . 
Controlled  laboratory  tests  of  wheels  and  tracks  should  be  conducted  in 
moist-to-wet  sands  to  determine  with  improved  accuracy  how  G  at  dif¬ 
ferent  moisture  content  levels  is  related  to  vehicle  running  gear 
performance . 


*  This  results  because  vehicle  running  gear  performance  normally 
worsens  (pull  decreases,  sinkage  increases,  motion  resistance  in¬ 
creases,  tractive  efficiency  decreases,  etc.)  as  the  value  of  G  de¬ 
creases.  Over  the  range  of  moisture  contents  studied  herein,  the 
smallest  value  of  G  was  obtained  for  the  air-dry  condition. 


ii  i  r  I  I  r  I '  •'!  trrTI  fifimifeMi 
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PART  IV:  HORIZONTAL  PENETRATION  TESTS  WITH 
PROBES  IN  AIR-DRY  SAND 


Test  Sand  and  Its  Preparation 

68.  The  air-dry  Yuma  sand  used  for  horizontal  oone  penetration 
tests  at  WES  was  the  same  type  of  sand  described  in  paragraph  9*  Each 
test  was  conducted  in  a  sand  bed  enclosed  by  five  0.8-  by  1.6-  by  8.2-m 
soil  bins  joined  end  to  end,  with  the  interior  bin  gates  removed.  The 
sand  preparation  technique  was  the  same  as  that  described  in  paragraphs 
10  and  11. 

Test  Equipment 

Low-speed  penetrometer 

69.  Measurements  of  standard  penetration  resistance  gradient  G 
were  taken  in  a  given  five-bin  sand  test  bed  using  the  same  mechanized, 
low-speed  cone  penetrometer  described  in  paragraph  l4. 


Test  cones  and 


aamometer 


70.  Horizontal  penetrations  were  »*ade  with  steel,  30 -deg -apex - 

angle,  right  circular  cones  of  four  sizes- -base  areas  of  3*23,  6.45, 

2 

12.90,  and  23.23  cm  --by  using  a  special  cone  assembly  mounted  on  the 
forward  face  of  a  dynamometer  test  carriage  (fig.  11).  In  the  assembly, 
a  hollow  outer  shaft  protected  a  specially  machined  inner  shaft,  which 
was  threaded  to  receive  the  test  cones  and  instrumented  with  strain 
gages  to  record  only  the  force  transmitted  to  its  leading  face  by  the 
cone,  i.e.  the  strain  gages  were  positioned  such  that  forces  only  on  the 
base  of  the  cone,  not  on  the  shaft,  were  recorded.  Calibration  tests 
showed  that  axial  loads  over  the  full  range  subsequently  encountered 
during  testing  were  recorded  to  an  accuracy  of  +2  percent.  Also,  it  was 
determined  that  forces  applied  perpendicularly  to  the  shaft  were  not 
picked  up  by  the  strain  gages,  indicating  that  any  nonaxial  loads  caused 
by  shaft  misalignment  were  not  recorded. 


Fig.  11.  Cone  assembly  mounted  on  forward  face  of  dynamometer 

test  carriage 


Test  Procedures  and  Data  Reduction 


Test  procedures 

71.  After  a  given  five-bin  test  bed  of  air-dry  Yuma  sand  was  pre¬ 
pared,  measurements  of  G  were  taken  at  1.5-m  intervals  over  the  length 
of  the  bed  (about  I8  ra  long  for  each  test)  at  its  transverse  center 
line.  Next,  the  test  cone  was  screwed  into  the  shaft  of  the  special 
cone  assembly,  which  itself  was  rigidly  mounted  on  the  front  face  and 
at  the  transverse  center  line  of  the  dynamometer  carriage.  The  tip  of 
the  cone  was  then  set  to  a  predetermined  depth  beneath  the  level  of  the 
sand  surface,  and  a  final  check  was  made  to  assure  that  the  cone  shaft 
was  horizontal!}'  aligned.  While  the  cone  and  shaft  were  still  in  air, 
calibration  checks  were  made  of  the  cone  shaft's  strain-gage  system  and 
of  an  oscillogrviph  system  that  recorded  the  test  results. 

72.  To  allow  the  penetration  velocity  of  a  test  to  begin  at  zero. 


the  cone  assembly  was  moved  fo3ward  very  slowly  lantil  the  cone  was  sev¬ 
eral  meters  inside  the  first  sand  bin,  at  which  time  the  carriage  was 
stopped.  The  actual  test  was  then  begun  by  moving  the  assembly  forward 
several  meters  at  the  cymamometer' s  lowest  creep  speed.*  After  this 
initial  penetration  period,  the  test  velocity  was  programmed  to  increase 
linearly  to  a  maximxim  value  (about  3.8  m/sec  for  most  tests,  up  to 
5.2  m/sec  for  several) ,  and  then  to  decrease  linearly  to  zero.  Each 
horizontal  penetration  passed  through  the  locations  of  the  vertical  cone 
penetrations  that  were  made  prior  to  the  test  to  obtain  standard  G 
values.  Values  of  horizontal  force  acting  on  the  base  of  the  test 
cone,  horizontal  test  cone  velocity  ,  and  acceleration  a  were 
recorded  by  the  oscillograph. 

Data  reduction 

73.  Values  of  horizontal  force  were  measured  at  corresponding 
values  of  velocity  during  the  acceleration  and  deceleration  phases  of 
each  test,  and  the  average  of  the  two  force  values  are  reported  herein 
for  each  velocity  level  sampled.  Each  pair  of  force  readings  at  a  com¬ 
mon  velocity  had  nearly  equal  values,  indicating  that  the  increasing-, 
then  decreasing-speed  technique  affected  the  force  negligibly.  Using 
the  average  of  two  force  values  measured  at  locations  a  considerable 
distance  apart  also  had  the  advantage  of  "balancing  out"  the  effects  of 
slight  nonuniformities  in  seuid  strength  over  the  length  of  the  test  bed. 

Perfomance  of  Cones  and  Plane  Blades  in  Sand 


Some  general  considerations 

7^.  Soil  cutting  by  tillage  tools  is  a  practice  many  centuries 
old.  Earth  moving  by  machines  with  scraper  blades  has  become  a  common 
practice  since  the  turn  of  the  century.  In  both  cases,  the  penetrating 
implement  moves  generally  parallel  to  the  soil  surface.  Also  in  both 


*  Even  tl’is  procedure  failed  to  produce  usable  data  below  about 
0.3  m/sa-!,  since  F  (horizontal  force  imparted  by  the  sand  to  the 
cone  base  1  stabilized  to  a  given  pattern  only  after  a  velocity  of 
about  0.3  m/sec  was  reached. 
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cases )  a  q;^^tltative  description  of  the  influence  on  soil  penetration 
resistance  of  the  pertinent  soil  and  itnpleinent  variables  would  lead  to 
better,  more  rational  design  of  the  penetrating  implement. 

75*  Two  types  of  horizontal  penetrations  in  sand  may  be  con¬ 
sidered:  (a)  these  made  well  below  the  sand  surface  and  (b)  those  made 
near  the  surface.  Only  penetrations  of  the  second  type  were  conducted 
at  WES  for  this  study.  Analysis  of  the  results  of  these  cone  penetra¬ 
tion  tests,  together  with  a  summary  of  major  findings  from  two  similar 

non-WES  studies,  is  presented  below.  This  analysis  is  followed  by  a 

12 

discussion  of  some  major  points  fran  a  comprehensive  study  of  plane 
cutting  blades  tested  near  the  sand  surface. 

Cones  tested  beneath 
the  sand  surface  at  WES 

76.  Data  from  22  horizontal  penetration  tests  conducted  beneath 
the  surface  of  air-dry  Yuma  sand  with  four  sizes  of  30-deg-apex-angle , 
right  circular  cones  are  presented  in  table  5. 

77.  Dimensionless  description  of  the  cone-sand  system.  To  de¬ 
scribe  the  physical  characteristics  of  the  system  in  which  the  horizon¬ 
tal  cone  penetration  tests  were  conducted,  the  sketch  in  fig.  12  was 
prepared.  The  following  variables  and  their  associated  units  of  force. 


SAND  SURFA(X 


SAND  variables:  a,  y^, « 

GENERAL  VARIABLE:  9 

K 


Fig.  12.  Sketch  of  cone -sand  system  for  a  cone  penetrating  horizontally 

beneath  the  sand  surface 
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length,  and  time  (FLT  units)  describe  the  system; 
a*  Denendent  variable. 

,  sand  resistance  force  measured  in  the  direction  of 

horizontal  cone  penetration  (F) 

b.  Independent  variables. 

(1)  Cone, 

a  ,  cone  tip  apex  angle  (deg) 

,  diameter  of  cone  base*  (L) 

h  ,  depth  of  cone  tip  in  its  test  position  beneath 
the  undisturbed  sand  surface  (L) 

.V  ,  horizontal  cone  velocity  (LT  ) 

(2)  Seuid. 

G  ,  sand  standard  penetration  resistance  gradient 
(FL-3) 

7^  ,  sand  unit  dry  weight  (FL'^) 

ii  ,  angle  of  internal  friction  of  the  sand  (degj 

(3)  General. 

g  ,  acceleration  due  to  gravity  (LT  ) 

78.  JYom  dimensional  analysis,  the  Buckingham  Pi  Theorem  states 
that  the  number  of  dimensionless  terms  needed  to  express  a  relation 
among  the  variables  is  equal  to  the  number  of  pertinent  variables  minus 
the  number  of  dimensions  (i.e.  force,  length,  and  time  units)  among 
these  variables.  Assuming  all  the  variables  in  paragraph  77  are  perti¬ 
nent  ,  six  (9-3)  dimensionless  terms  are  needed  in  the  general  rela¬ 
tion  that  describes  force  .  Formal  techniques  have  been  developed 
for  forming  the  terras,  but  they  can  be  derived  easily  by  inspection 
for  this  analysis.  The  general  form  of  the  relation  between  F^  and 
the  independent  variables  in  paragraph  77  can  be  expressed  as 

0,3  -  ‘  («•  r-  7^.  -•  *]  (7) 

79*  Only  four  of  the  dimensionless  terms  in  equatiem  7  were 
needed  to  describe  the  WEB  cone-sand  system  since  (a)  cone  tip  apex 

*  Because  all  of  the  test  cones  had  the  same  shape,  any  given  linear 
dimension  of  the  cone  can  be  used  to  characterise  cone  sise. 


angle  ot  was  30  deg  for  all  the  test  cones,  and  (b)  angle  of  internal 
friction  ^  varied  by  only  about  2  deg  for  the  full  range  of  G  values 
tested  and,  therefore,  could  be  considered  constant.  Thus,  equation  7 
was  reduced  to 


It  is  emphasized  that  variables  of  the  same  dimensions  in  equation  8  can 
be  interchanged,  the  'iimens ionless  terms  can  be  inverted,  and  different 
dimensionless  terms  can  be  formed  by  multiplying  or  dividing  dimension¬ 
less  terms  by  one  another  and/or  by  perfoi;Tiing  the  same  mathematical 
operation  on  the  numerator  and  denominator  of  a  given  dimensionless 
term. 

80.  Test  results  at  30  cm/sec.  A  logical  representation  of  the 

term  F^^Gd^  in  equation  8  is  (^xAx)/^x 

A  is  the  base  area  of  the  cone.  The  numerator  in  the  latter  term 
x 

describes  cone  base  pressure,  and  the  denominator  can  be  considered  an 


indicator  of  sand  pressure  at  some  unspecified  depth.  This  term  can  be 
altered  to  another  dimensionless  term  by  multiplying  it  by  > 

i.e. 


This  last  dimensionless  term  has  been  produced  by  manipulation  of  the 
first  two  terms  in  equation  8,  and  is  hereafter  called  the  "cone-sand 
pressure  ratio." 

81.  To  determine  whether  the  cone-sand  pressure  ratio  is  a  mean¬ 
ingful,  stable  term,  its  numerator  was  plotted  versus  its  denominator 
in  plate  15,  using  data  thought  to  be  affected  very  little  by  the  Iwt 
two  dimensionless  terns  in  equation  8,  Relative  to  the  Froude  number 
(V  /\/^  )  ,  velocity  V  was  held  constant  at  30  cm/sec,  the  lowest 
velocity  in  the  programmed -velocity  testa  that  was  .judged  adequate  to 
produce  reliable  measurements  of  .  Concerniiig  tiie  term  /^/g  , 
values  of  G  for  the  horizontal  cone  penetration  tests  ranged  from 
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1.05  to  4.33  MN/hi^  (table  5)*  From  plate  13>  corresponding  values  of 

O 

7^  are  l4.4  and  I6.3  kN/m'^,  respectively,  which  define  a  very  small 
range.  Thus,  it  was  anticipated  that  the  Froude  number  and  7,/g  would 

n  a 

have  only  slight  influence  on  the  relation  of  F  /a  to  Gh  /d  . 

82.  The  data  in  plate  15  fit  closely  about  the  straight  line 
described  by 

^  =  70  +  (0.050 

All  but  two  of  the  22  tests  represented  in  plate  15  were  conducted  at 

h  =  17.8  cm  (open-symbol  data  points).  The  other  two  tests  (closed 

symbols)  were  conducted  at  h  =  10.2  cm  and  at  h  =  25.4  cm  .  The 

data  point  for  h  =  10.2  cm  lies  very  close  to  the  straight  line.  The 

one  for  h  =  25.4  cm  is  within  a  reasonable  distance  frcm  the  line,  but 

lies  noticeably  to  the  right  side.  This  separation  is  considered  to 

result  primarily  from  the  fact  that  25  cm  is  approximately  the  maximum 

depth  that  could  be  maintained  near-linear  in  the  Yuma  sand  test  beds 

(paragraph  11).  For  G  =  1.05  MN/m’  and  the  standard  3*23”c:m  cone, 

this  depth  also  corresponds  closely  to  the  "critical  depth"  D  de- 

7 

scribed  in  Report  4  of  this  series.  Below  the  critical  depth,  sand 
resistance  "increases  only  slightly,  and  the  rate  of  increase  remains 
constant."  Because  horizontal  performance  of  a  cone  at  a  given  depth 
is  influenced  by  sand  strength  both  above  and  to  some  depth  below  the 
height  of  the  cone  tip,  the  effective  value  of  G  for  the  test  at 
h  =  25.4  cm  likely  is  slightly  less  than  1.05  M/mr.  A  smaller  value 
of  G  for  the  data  point  at  h  =  25.4  cm  would  shift  its  location 
leftward,  and  therefoire  closer  to  the  curve  in  plate  15 . 

83.  The  major  point  is  that  cone  base  pressure  F  /A  is  closely 

2  /  ^ 

related  to  the  sand  pressure  term  Gh  .  However,  this  relation 
holds  true  only  for  data  obtained  well  within  that  depth  of  sand  wherein 


cone  penetration  resistance  Increases  in  near-linear  fashion. 

84.  Kelation  of  the  cone -sand  pressure  ratio  to  the  Froude  number. 
To  introduce  the  effects  of  velocity  of  ,  the  cone-sand  pressure  ratio 
was  plotted  against  the  Froude  number  for  each  of  the  four  test  cones,  as 
shown  in  plate  I6.  The  left  side  of  plate  I6  shows  that,  for  each 


penetration  test,  a  log-linear  relations  exists  for  values  of  the  Froude 
number  up  to  about  5.  The  slope  n  of  these  lines  can  be  described  by 


1.037  -  log  “X| 


where 


d  =  diameter  of  the  cone  of  interest 

X  2 

d  =  2.03  cm,  the  diameter  of  the  standard  3«23-cm  cone.* 
s 


Note  that  n  may  be  positive  or  negative.  The  tests  represented  in 
plate  16  had  values  of  ^‘^om  2.66  to  23.2,  and  corres¬ 

ponding  n  values  from  equation  10  of  0.20  to  -0.11. 

85.  To  develop  a  means  of  estimating  the  cone-sand  pressure  ratio 


from  an  equation  of  the  form 

F  /a 
X  X 


%  ■  \V^ 


with  V  /\/gd'  s  5  ,  it  was  necessary  next  to  determine  a  relation  for 
k  ,  the  value  of  V  /^gd^  =  1  .  Cone  base  pres¬ 

sure  F  /a  was  plotted  versus  the  sand  pressure  ratio  Gh^/d  for  the 

XX.  X 

condition  ~  ^  well-defined  linear  relation 


was  produced,  so  that 


F  /a 

a _ X 


^  =  55  *(0.060  ^ 

X  \  °x 


+  0.060  , 


B6.  The  right  side  of  pi.ate  I6  shows  that,  at  about  </V^  -  5 
the  relation  of  \/V®'^x  becomes  linear  on  an 

arithmetic  basis.  The  slope  m  of  the  lines  in  the  right  side  of 
plate  16  can  be  described  by 


*  In  equations  10  and  13,  the  units  of  are  kN/M'^  and  those  of  G 
are  MN/m3.  d  /d  and  V  / gd  are  dimensionless  ratios. 

X  S  X  ^  X 


m 


(13) 


log 


0.57 


87.  Overall,  then  the  relation  of  the  cone-sand  pressure  ratio 
to  the  Froude  number  can  be  described  by  equation  11,  with  k  defined 
by  equation  12  and  n  by  equation  10  for  V  / ^gd  i  5  .  For 

V/Vir>5. 


The  curves  describing  force  F  versus  velocity  V  in  plate  I7  were 
defined  on  the  basis  of  the  relations  just  cited  in  this  paragraph, 
using  inputs  of  known  A  ,  G  ,  h  ,  and  d  for  five  horizontal  cone 

X  X 

penetration  tests  in  table  5.  The  patterns  of  F  versus  V  described 

X  X 

by  the  data  points  of  these  tests  are  traced  reasonably  well  by  the 
curves  thus  developed. 

88.  Other  cone  studies.  Results  from  two  other  studies^^’^^  in¬ 
volving  horizontal  cone  penetration  tests  well  below  the  sand  surface 
provide  information  complementary  to  the  WES  results  described  in 
paragraphs  76-87.  In  both  studies,  the  test  material  was  an  air-dry 
sand  with  a  specific  gravity  of  2.67,  an  angle  of  internal  friction  ^ 
by  trieocial  test  of  30.5  deg,  and  grain-size  distribution  such  that  95 
percent,  by  weight,  lies  between  O.OI5  and  O.O6  mm.  Three  levels  of 
unit  dry  weight  were  used — 14.3,  15.2,  and  I6.O  kW/ra^.  Twelve  circular- 
base-area  cones  were  tested  whose  base  areas  ranged  from  20.3  to 
81.1  cm  ,  and  whose  apex  angles  ranged  from  I5  to  90  deg.  dome  of  the 
steel  cones  were  tested  smooth,  others  with  sandpaper  glued  to  the  outer 
surface.  Maximum  horizontal  cone  test  velocity  in  the  two  studies 
was  2,U  m/sec,  and  cone  tip  depths  at  which  penetrations  were  made 
ranged  from  7.6  to  6I.O  cm. 
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89.  The  principal  aim  of  the  two  studies  was  to  investigate  the 
effect  on  horizontal  force  F  caused  by  variations  in  depth  of  pene- 
tration,  model  variation  (i.e.  cone  size,  apex  angle,  and  surface  rough¬ 
ness),  cone  speed,  and  the  "state  of  packing"  of  the  sand.  The  follow¬ 
ing  are  among  the  most  important  findings  from  the  two  studies; 

a.  For  a  given  value  of  sand  unit  dry  weight  and  a  cone  of 
given  size  tested  horizontally  at  low  speed,  sand  pene¬ 
tration  resistance  force  increases  roughly  as  the  square 
of  depth  for  tests  near  the  semd  sui’face  [because  the 
cone  "is  effectively  pushing  a  block  of  sand  of  depth  (h) 
ahead  of  it  and  so  suffering  a  passive  pressure  propor¬ 
tional  to  depth  squared" 1^],  and  roughly  linearly  with 
depth  for  tests  substantially  below  the  surface.* 

This  first  result  agrees  with  that  developed  herein  from 
the  WES  cone  tests,  in  that  h^  was  determined  to  be  the 
depth  term  appropriate  in  a  description  of  F^  . 

b.  At  a  given  depth  well  below  the  seind  surface,  and  at  low 
penetration  velocity,  F^^^  increases  linearly  with  cone 
base  area.  For  the  WES  test  results,  plate  l8b  demon¬ 
strates  that  curves  based  on  equations  10,  11,  and  12 
describe  the  relation  of  F^  to  cone  base  area  slightly 
better  than  would  straight-line  approximations.  The 
data  points  in  plate  l8b  were  obtained  from  a  cross¬ 
plot  of  the  F  versus  G  relation  shown  in  plate  l8a, 
using  data  at  velocity  Vx  =  30.5  cm/sec  from  the  20 
tests  in  table  5  that- had  h  =  17.8  cm  . 

c.  Slight  reductions  in  F^  resulted  from  reducing  the  cone 
apex  angle  (in  the  90"  to  15 -deg  range)  and  from  usi>*^ 
polished  steel,  rather  than  sandpaper-covered,  cones. 
However,  the  magnitudes  of  these  effects  on  F^^  ajre 
quite  small  compared  with  those  of  the  other  variables 
considered. 

d.  Values  of  F^  change  with  cone  speed  in  different  pat¬ 
terns  for  loose  and  dense  sand,  with  larger  increase  in 
Fx  (both  on  a  percentage  and  on  a  numerical  basis) 
being  obtained  in  the  dense  state  (for  Vx  values  up  to 
2.4  m/sec).  In  the  loose  state,  a  general  reduction  in 
Fx  with  increasing  Vx  occurred  up  to  1.2  m/sec,  with 
F^  increasing  with  Vj^  beyond  1,2  m/sec.  Roughly,  this 
pattern  was  obtained  in  the  WES  tests,  except  that  the 
transition  point  for  different  Fv  values  was  taken  as 
occurring  at  Froude  number  (Vx/^dj^^a  5  .  (See  plates 
16  and  17  and  pauragraphs  84-87.; 

*  Depths  at  which  the  horizontal  cone  penetrations  were  conducted  in 
tests  in  references  x3  and  14  ranged  from  7*6  to  6l  cm. 


e.  For  the  range  of  values  used,  the  "state  of  packing."  i.e. 
sand  unit  dry  weight,  affected  Fjj.  more  than  any  other 
variable  studied.  In  the  WES  tests,  both  cone  siae  (area) 
and  state  of  packing  (G)  had  great  influence  on  F^^  for 
the  low-speed  condition— see  plate  l8,  for  example.  For 
velocity  values  up  to  5 *2  m/sec,  F^  was  strongly  in¬ 
fluenced  by  cone  size  (expressed  in  terras  of  Ax  and 
djj),  state  of  packing  (g),  and  cone  depth  (h)— see  pai’a- 
graphs  84-87. 

Plane  cutting  blades  operat- 
ing  near  the  surface  in  sand 

90.  The  primary  object  of  the  study  described  in  reference  12* 
was  to  develop  equations  capable  of  predicting  the  force  response  of 
air-dry  sand  of  three  unit  weights  to  plane  cutting  blades  of  various 
sizes,  inclination  angles,  and  depths  of  cut  over  a  range  of  penetra¬ 
tion  velocities.  Values  of  sand  penetration  resistance  gradient  ,G  and 


unit  dry  weight  7^  of  the  test  sand  were: 


G  ,  MN/m^ 
y,  ,  kU/ra^ 


Medium 

3.23 

16.3 


5.97 

16.7 


91.  A  schematic  of  the  cutting  blade  is  shown  in  fig.  13*  The 
blade  variables  considered  in  this  study  were: 
b  ,  blade  width,  cm 
S'  ,  blade  length,  cm 
z  ,  blade  operating  depth,**  cm 
a  3  blade  angle,  radians 

,  operating  velocity,  cm/sec 

Test  values  of  b  ranged  from  2.54  to  25.4  cm,  of  I  from  11.7  to 
39.2  cm,  of  z  from  2  to  34  cm,  and  of  z/(jC  sin  a)t  from  0,25  to  2.0. 
Each  of  10  plane  blades  was  tested  at  a  =  30,  45,  60,  9^  and  105  deg. 


*  The  authors  of  reference  12  have  also  conducted  a  similar  study  using 
clay  as  the  test  soil  (reference  15). 

**  z  .'p  the  vertical  distance  from  the  bottom  of  the  blade  to  the 
original  sand  surface. 

t  z/£  sin  Of  is  the  proportion  of  blade  height  in  sand  at  the  start  of 
a  given  test.  For  a  blade  whose  top  edge  is  at  the  height  of  the 
original  sand  surface,  zA  sin  a)  =  1  . 


Fig.  13.  Plane  cutting  blade 
(from  reference  12) 


and  values  of  V  ranged  from  2^?  to  253  cm/sec.  The  only  sand  vari¬ 
able  that,  appeared  ultimately  in  the  prediction  equations  -vas  7^-  , 
unit  dry  weights  Test  response  was  measured  by  f^  ,  horizontal  com¬ 
ponent  of  blade  reaction  force ,  and  f  ,  vertical  component  of  blade 
reaction  force. 

92.  The  hondimerisional  relations  developed  to  predict  f  and 

f  -  for  the  range  of  conditions  tested  were 

z-  _  ■ 


X 


7.bz°*V*^ 

d 


=  a 


1.73 


+  1.26 


3.91 


(14) 


and 


7,bz°’V-5 

d 


1.93  -  (a  -  0.714 


32] 

'  J  \X  sin  a/ 


\0.770 


0.966 


+  1.43lrf  I  +  5.60 


(15) 


2 

where  is  acceleration  due  to  gravity,  9.805  m/sec  .  Four  indepeiident 
(controlled)  dimensionless  term£--er  ,  z/(l  sin  at)  ,  z/b  ,  and 


44 


2 

V^/gX — appear  in  the  right  side  of  equations  lU  and  15.  Fig.  lU  presents 
some  representative  relations  of  these  variables,  in  turn,  to 
f  (figs.  lUa-lUd),  and  to  f  (figs.  Ihe-lUh) . 

'The  relations  described  by  equations  l4  and  15  are  quite  complex,  partic¬ 
ularly  those  by  equation  15,  which  shows  both  positive  and  negative  values 
of  f  (each  of  figs.  l4e-l4h) ,  as  well  as  a  nonmonotonic 

influence  ,  on  f^/y^bz^‘^;l  of  variable  a  (fig*  l4e) .  In  each  of 
figs.  l4a-l4h,  the  curves  (which  represent  equations  l4  and  15)  trace 
the  pattern  of  behavior  of  the  test  data  reasonably  well. 
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PART  V:  CONCLUSIONS  AND  RECOMMENDATIONS 


Conclusions 


93*  The  foregoing  analysis  is  considered  adequate  basis  for  the 
’ollowing  conclusions: 

a.  For  a  given  cone  or  flat  plate  tested  vertically  in  air- 
dry  sand  of  given  strength,  the  curve  of  sand  penetration 
resistance  force  per  unit  probe  base  area  F  /A  versus 
probe  base  depth  departs  from  near  linearity^as  velocity 

V  increases.  Values  of  F  /A  at  shallow  depths  in- 
crease  with  increases  in  V  ,  but  F  /A  approaches 

a  common  value  at  substantill  depth  (iay,  15  cm)  for 

V  values  in  the  3-  to  600-cm/sec  range  (plates  1  and 
2^and  paragraphs  25-27)* 

b.  Penetration  resistance  gradient  G  for  any  of  a  broad 
range  of  cone  sizes  and  plate  sizes  and  shapes  can  be 
estimated  if  values  are  known  for  the  gradient  obtained 
under  "standard"  conditions  with  the  3*23-cm  cone  at 
3.05  cm/sec  (G)  and  the  probe  base  area  A  ,  for 

7,^  =  3.05  cm/sec  (equation  2  and  paragraphs  31-35)* 

BScause  of  the  factors  cited  in  a  above,  should  be 

estimated  by  equation  2  only  for  V  near  3  cm/sec. 

z 

£.  Values  of  F^  at  probe  base  penetration  depths  of  2.5 
and  0  cm  for"flat  plates  and  cones,  respectively,  can  be 
estimated  from  relations  of  dimensionless  terms  that 
describe  F^  as  a  function  of  sand  strength  and  probe 
size,  shaped  and  velocity  normalized  relative  to  con¬ 
ditions  of  a  standard  cone  penetration  (paragraphs  36-53 
and  plates  7-9  for  plates,  10  and  11  for  cones).  Data 
used  in  the  development  of  these  relations  included 
values  of  G  from  1. 08  to  6. 91  MN/m3;  A  from  I.29  to 
58.1  cm^;  one  cone  st ape  and  five  flat  plate  shapes;  and 

V  values  from  3  to  well  over  6OO  cm/sec, 

d.  Values  of  G  increase  markedly  with  increases  in  sand 
unit  dry  weight  and/or  moistuj'e  content  Opiates  12-14  and 
paragraphs  63-66). 

e.  For  a  given  probe  bested  horizontally  in  sand,  force  F. 
on  the  probe  base  depends  on  probe  size,  shape,  and 
velocity;  depth  of  the  probe  relative  to  the  undistui'bed 
sard  surface;  and  sand  strength.  A  description  of  such 

a  system,  obtained  by  using  dimensional  analysis  and  data 
from  cone  penetration  tests  in  air-dry  sand,  allows  F 
for  cones  to  be  estimated  from  relations  of  dimensionless 
terms  that  include  descriptions  of  the  variables  mentioned 
above  (plates  15-17  and  paragraphs  76-87). 


f,  A  brief  review  of  major  findings  from  two  studies  of 
horizontal  cone  penetration  tests  shows  that  these  find¬ 
ings  agree  with  and  complement  resul.ts  of  the  WES  tests 
(from  e  above).  Some  major  conclusions  from  these 
studies  are:  Increase  in  changes  from  a  squared 
function  of  depth  for  small  depths  to  a  linear  function 
for  large  depths;  increases  with  cone  base  area; 

cone  apex  angle  and  surface  roughness  influence  Fj^  only 
slightly;  F^^  changes  with  velocity  in  complex  patterns 
influenced  by  probe  size,  probe  depth,  and  the  sand's 
state  of  packing  (paragraphs  88-89). 

12 

A  brief  summary  of  results  from  another  study  shows  that 
the  iiorizontal  and  vertical  ccmponents  (f^^  and  f^  , 
respectively)  of  forces  on  plane  blades  operating  hori¬ 
zontally  near  the  sand  surface  can  be  estimated  by 
equations  that  incorporate  functions  of  the  variables 
mentioned  in  e  above  (paragraphs  SO-92). 


Re  commendations 
9^.  It  is  recommended  that: 

a.  Model  tests  of  plane  blades  and  bulldozer  blades  be  con¬ 
ducted  in  another  type  sand  than  that  used  in  developing 
equations  ih  and  I5  to  determine  what  modifications 
should  be  made  to  these  equations  to  account  for  the 
effects  on  fx  and  f2  of  sand  type  (plane  blade  per¬ 
formance  j  and  of  bulldozer  blade  curvature . 

b.  A  study  like  that  in  a  above  be  conducted  in  clay  to 
verify  the  relations  from  reference  I5  and  to  extrapolate 
them  to  bulldozer  blade  performance. 

c.  Free-fall  or  impact-driven  vertical  penetration  tests  be 
conducted  with  cones  in  dry-to-moist  sand  to  complement 
similar  studies  conducted  by  WES  in  fine-grained  soils 
(references  1-U). 

d.  Laboratory  tests  of  wheels  and  tracks  be  conducted  in 
moist-to-wet  sands  to  improve  present  knowledge  of  how 
G  at  different  moisture  content  levels  is  related  to 
vehicle  running  gear  performance. 

e.  A  study  be  made  to  apply  the  descriptions  presented  here¬ 
in  of  the  influence  of  probe  shape  and  velocity  on  sand 
penetration  resistance  force  to  the  sand-vehicle  running 
gear  situation. 
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Table  3 


2 

Vertical  Penetration  Tests  with  3.23-cin  Cone  in  Molc^s  of  Yuma  Sand 


Penetration  Velocity,  0.017  to  33«1  cm/sec 


Penetration 

I'oisture 

Unit  Dry 
Weight 

Y. 

Penetration 
Veloci ty 

Peslstance 

Cradient 

C  * 

Content 

z 

Test  No. 

< 

V 

kN/ri 

cn/scc 

1 

0, 

.5 

15.42 

2.50 

1.09 

2 

15.14 

2.50 

1.92 

3 

15.58 

2.50 

2.57 

4 

15.01 

2.50 

1.77 

5 

0, 

4 

15.37 

8.07 

2.25 

6 

15.37 

17.4 

2.23 

7 

1 

15.37 

3.26 

2.12 

8 

0, 

.5 

15.36 

34.5 

2.60 

9 

0, 

.4 

15.30 

3.34 

2.31 

10 

0, 

5 

15.50 

33.5 

2.77 

11 

15.45 

3.13 

2.42 

12 

15.30 

0.381 

2.33 

13 

15.45 

0.381 

2.51 

14 

14.92 

3.34 

1.43 

15 

15.34 

8.64 

2.12 

16 

15.36 

32.9 

2.38 

17 

15.40 

17.1 

2.45 

18 

I 

15.40 

0.381 

2.27 

19 

1 

15.50 

34.1 

2.68 

20 

15.43 

12.7 

2.57 

21 

15.50 

3.47 

2.21 

22 

15.45 

0.423 

2.16 

23 

r 

15.48 

33.0 

2.79 

24 

0.4 

15.51 

12.2 

2.64 

25 

15.47 

12.5 

2.66 

26 

15.45 

3.73 

2.53 

27 

14.08 

3.64 

1.47 

28 

14.84 

3.56 

1.59 

(Continued) 

*  Values  of  listed  in  this  table  can  oe  consist, v„’  onuivalcnt  to 

standard  C  values  because  was  found  to  be  influenced  iivir’llplbly 

by  the  full  ranpe  of  V^  values  in  this  table  (which  values  bound 

standard  velocity  V  ■  3.05  cm/sec) . 
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t  No. 

Moisture 

Content 

1 

Unit  Dry 
Weight 

kM/m^ 

Penetration 

Velocity 

V 

7. 

cw/sec 

resistance 

Cradient 

C 

X 

MN/m^ 

29 

0, 

.4 

15.94 

3.60 

3.38 

30 

16.11 

3.56 

3.38 

31 

15.78 

3.60 

2.90 

32 

15.61 

3.56 

2.57 

33 

14.85 

3.51 

1.68 

34 

14.81 

3.47 

1.53 

35 

1 

.5 

15.32 

32.3 

5.00 

36 

1 

.6 

15.33 

13.9 

5.49 

37 

1 

0 

»  ^ 

15.28 

0.423 

5.86 

3fi 

1 

.1 

15.41 

3.01 

5.27 

39 

1 

.5 

15.36 

33.4 

5.10 

40 

1 

.5 

15.47 

0.423 

5.88 

41 

] 

.3 

15.38 

3.64 

5.50 

42 

1 

.3 

15.36 

12.8 

4.65 

43 

2 

.2 

15.44 

3.30 

7.97 

44 

7 

.2 

15.35 

6.30 

7.44 

45 

2 

.2 

15.32 

0.0423 

6.93 

46 

0 

.1 

15.39 

0.0295 

7.65 

47 

2 

.0 

15.41 

6.35 

7.68 

48 

2 

.2 

15.35 

0.127 

7.63 

40 

2 

.1 

15.39 

3.05 

7.47 

50 

2 

.1 

15.33 

0.381 

7.65 

51 

2 

.0 

15.4] 

34.6 

8.19 

52 

2 

.1 

15.33 

3.30 

7.66 

53 

2 

.1 

15.35 

12.8 

7.43 

54 

0 

0 

«  ^ 

15.33 

33.5 

7.64 

55 

2 

.1 

15.30 

13.5 

7.57 

56 

2 

•  «. 

15.39 

0.423 

8.43 

57 

2 

.0 

15.58 

3.51 

7.81 

58 

2 

.0 

15.52 

3.05 

7.2? 

59 

2 

o 

•  •  • 

15.50 

3.05 

9.33 

60 

4 

.3 

15.50 

3.05 

9.62 

61 

5 

0 

15.46 

3.05 

11.23 

62 

5 

.3 

15.47 

3.05 

10.76 

63 

5 

.7 

15.50 

3.05 

11.03 

64 

5 

.0 

15.54 

3.05 

10.54 

65 

6 

.1 

15.40 

3.05 

10.5? 

(Continued) 

(Sheet  2  of  3) 

Table  3  (Concluded) 


Test  No. 

Moisture 

Con  ten  t 

W 

/e 

Unit  Dry 
Ueiftht 

^d 

VM/m^ 

Penetration 

Velocity 

V 

z 

cm/sec 

Penetration 

P.eslstance 

Cradlent 

C 

X 

66 

6.8 

15.39 

0.423 

10.42 

67 

7.8 

15.22 

33.5 

9.50 

68 

7.5 

15.13 

0.423 

8.14 

69 

7.7 

15.11 

35.1 

8.53 

70 

6.9 

15.49 

3.98 

11.09 

71 

7.0 

15.14 

13.0 

8.93 

72 

7.1 

15.50 

3.26 

11.03 

73 

7.1 

15.47 

2.06 

11.21 

7A 

7.1 

15.46 

33.4 

10.66 

75 

7.1 

15.43 

13.5 

10.58 

76 

6.0 

15.44 

0.381 

11.51 

77 

7.0 

15.55 

13.0 

11.26 

78 

7.2 

15.57 

0.466 

11.56 

79 

6.0 

15.74 

3.51 

13.94 

80 

7.4 

15.88 

•  3.81 

15.72 

81 

7.5 

15.91 

3.68 

16.45 

82 

7.7 

15.90 

0.423 

15.52 

83 

6.8 

15.94 

34.0 

16.19 

84 

7.3 

15.93 

0.0254 

14.61 

85 

7.3 

16.04 

0.127 

15.54 

86 

7.3 

15.87 

0.0330 

15.41 

87 

7.3 

15.99 

0.127 

15.24 

88 

7.2 

16.04 

0.0169 

16.84 

89 

7.3 

15.00 

0.127 

16.53 

90 

11.3 

15.57 

3.05 

10.59 

91 

11.5 

15.65 

3.05 

10.81 
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Table  A 

2 

Vertical  Penetration  Tests  with  3.23-cr'  Cone  In  Molds  of  Yuma  Sand 
Penetration  Velocity,  3«03  cm/sec 


Test  No. 

Mols  ture 
Content 

7 

Unit  Dry 
Welf'ht 

Penetration 

Velocity 

V 

z 

cn/sec 

Penetration 

Resistance 

Cradlent 

0 

1 

2.1 

15.32 

3 

05 

7.50 

1 

2.0 

15.03 

10.90 

3 

2.0 

15.03 

5.60 

A 

1.6 

15.03 

A.  32 

5 

1.6 

15.99 

8.2A 

6 

6.2 

lA.OA 

7.31 

7 

6.1 

15.90 

1A.58 

8 

0.5 

16.35 

A. 22 

9 

3.5 

15.93 

IA.37 

10 

A. 8 

16.05 

15.08 

1] 

12.3 

16.23 

16.36 

12 

0.5 

16.23 

A.  10 

13 

11.9 

16.16 

16.  AA 

lA 

3.2 

15.08 

7.1A 

15 

A.  8 

15.00 

7.08 

16 

11.8 

1A.75 

6.38 

’«4< 


Table  5 

Horizontal  Penetration  Tests  ^ith  ^O-PeR-Apex-An^le, 
Circular  Cones  In  Air-Dry  Yuma  Sand 


Penetra¬ 

tion 

„  Resls- 

Cone 

_  tance 

Case  _ 

,  Cradi- 

Area 

,  ent 

A  - 

!St  2  2 

).  cm** 

1  3.23  1.32 


Unit  Dry 
Weight 
Y. 


Depth 

of 

Cone 

Tip 

h 

CD 


k?^/m  CD 

14.71  17. ft 


2  3.23  1.2ft 


14.67  17.8 


3  3.23  2.47 


15.53  17. ft 


Hori¬ 

zontal 

Velocity 

V 

X 

m/sec 


Hori¬ 

zontal 

Force 

F 


Frond e 
HuDber 
V 

X 


Cone-Sand 
Pressure 
Patio 
F  /A 

X  X 

Oh^/d 


0.305 

57.5 

0.683 

0.0864 

0.610 

57.8 

1.37 

0.0869 

0.014 

57.5 

2.05 

0.0864 

1.22 

50.4 

2.73 

0.0803 

1.52 

50.4 

3.42 

0.0803 

1.83 

50.4 

4 . 10 

n.ORPft 

2.13 

50.  R 

4.70 

0.0800 

2.U 

61.0 

5.47 

0.0017 

2.74 

62.0 

6.15 

0.0032 

3.05 

64.6 

6.84 

0.0071 

3.35 

68.2 

7.52 

0.102 

3.66 

70.7 

8.20 

0.106 

0.305 

54.6 

0.683 

0.0846 

0.610 

55.6 

1.37 

0.0862 

0.014 

55.0 

2.05 

0,0866 

1.22 

57.2 

2.73 

0.0887 

1.52 

56.2 

3.42 

0.0871 

1.83 

56.8 

4.10 

0.0880 

2.13 

57.2 

4.70 

0.0887 

2.44 

56.8 

5.47 

0.0880 

2.74 

56.8 

6.15 

O.OftRO 

3.05 

5P,5 

6.84 

0.0007 

3.35 

60.4 

7.52 

0.0936 

3.66 

62.7 

8.20 

0.0972 

0.305 

83.0 

0.683 

0.0667 

0.610 

ftft.ft 

1.37 

0.0713 

0.014 

90.1 

2.05 

0.0724 

1.22 

01.7 

2.73 

0.0737 

1.52 

04.0 

3,42 

0,0755 

1.83 

05.0 

4.10 

0.0770 

2.13 

06.0 

4.70 

0.0778 

(Continued) 
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Table  5  (Continued) 


Cone 

Base 

Area 

A 

Test  2 
No.  cm 


Penetra¬ 

tion 

Resis¬ 

tance 

Gradi¬ 

ent 

G 

>TI/Tn^ 


Sand 

Depth 

Unit  Dry 

of 

Uelcbt 

Cone 

Ya 

Tip 

KN/m' 

h 

cm 

Hori¬ 

zontal 

Velocity 

V 

X 

m/sec 


Hori¬ 

zontal 

Force 

V 

X 

V 


Cone-Sand 
Froude  Pressure 
Number  Ratio 
V 


Gb^/d 


3  3.23  2.47 


4  3.23  1.70 


3  3.23  0.50 


15.53  17.fi  2.44 

2.74 
3.05 

3.35 
3.60 
3.06 

15.04  17.fi  0.305 

0.610 
0.914 
1.22 
1.52 
l.fi3 
2.13 
2.44 

2.74 
3.05 

3.35 

3.66 
3.06 
4.27 
4.57 
4.fifi 
5.1fi 

13.66  17.fi  0.305 

0.610 
0.014 
1.22 
1.52 
l.fi3 
2.13 
2.44 

2.74 
3.05 

3.35 

3.66 

(Continued) 


07.0 

5.47 

0.0786 

99.2 

6.15 

0.0797 

102 

6.S4 

0.0819 

104 

7.52 

0.0835 

103 

fi.20 

O.OP,27 

10  fi 

fi.fiQ 

0.0867 

61.7 

0.6P3 

0.0720 

63.3 

1.37 

0.0739 

64.0 

2.05 

0.0747 

65.6 

2.73 

0.0765 

67.fi 

3.42 

0.0701 

67.fi 

4.10 

0.0701 

6fi.5 

4.70 

0.0799 

70.1 

5.47 

0.0818 

72.0 

6.15 

0.0840 

73.0 

6.R4 

O.Ofi52 

73.0 

7.52 

0.0852 

74.3 

fi.20 

0.086? 

75.'' 

fi.RO 

0.088#s 

70.5 

0.57 

0.rv)27 

fil.l 

10.3 

0.^'  ’-6 

fi4.0 

10.0 

O.nopo 

R4.6 

11.6 

O.OQ88 

3fi.4 

0.6P3 

0. .  120 

3fi.l 

1.37 

0.128 

37.5 

2.05 

0.126 

35.2 

2.73 

0.11?} 

33.6 

3.42 

0.113 

32.3 

4.10 

0.109 

32.0 

4.70 

0.111 

31.3 

5,47 

0.105 

32.0 

6.15 

0.108 

33,3 

6.fi4 

0.112 

33.3 

7.5? 

0,112 

36.5 

fi.20 

0.123 
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Table  5  (Continued) 


Test 

No. 

Cone 

Base 

Area 

A 

X 

2 

cm 

Penetra¬ 

tion 

Resis¬ 

tance 

Gradi¬ 

ent 

C 

Sand 

Unit  Dry 
Wei  gilt 

kN/r^ 

Depth 

of 

Cone 

Tip 

h 

cm 

Hori¬ 

zontal 

Velocity 

V 

X 

m/sec 

Hori¬ 

zontal 

force 

r 

X 

Rroude 

Number 

V 

X 

Cone-8anf 

Pressure 

Patio 

Ch“/d 

X 

5 

3.23 

0.50 

13.66 

17.0 

3.96 

35.0 

8.80 

0.121 

4.27 

36.5 

0.57 

0.123 

4.57 

37.1 

10.3 

0.125 

4.88 

38.1 

10.0 

0.128 

5.18 

30.4 

11.6 

0.132 

6 

3.23 

3.01 

16.00 

17.8 

0.30,-5 

117 

0.683 

n.060o 

0.6in 

122 

1.37 

0.0635 

0.014 

126 

2.05 

O.0656 

1.22 

133 

2.73 

0.0602 

1.52 

132 

2.42 

0.0687 

1.83 

131 

4.10 

0.0682 

2.13 

132 

4.70 

0.0687 

.2.44 

134 

5.47 

0.0608 

l.lh 

1  35 

6.15 

0.0703 

3.05 

134 

6.84 

0.0608 

3.35 

136 

7.52 

O.O708 

3.66 

130 

8.20 

0.0724 

3.06 

141 

8.80 

0.0734 

7 

3.23 

3.05 

15.00 

17.8 

0.205 

82.1 

0.683 

0.0500 

0.610 

85.6 

1.37 

0.0622 

0.014 

88.2 

2.05 

0.0638 

1.22 

102 

2.73 

0.0663 

1.52 

105 

0.42 

0.0683 

1.83 

106 

4.10 

0.068,0 

2.n 

107 

4.70 

0.0606 

2J>(^ 

100 

5.47 

0.0700 

2.74 

no 

6.15 

0.0715 

3.05 

112 

6 ,  ~'fi 

0 .0728 

3.35 

in 

7.5? 

0.0735 

R 

3.23 

1.04 

16.17 

17.8 

0.305 

123 

0.6''3 

0.0504 

0.610 

125 

1.37 

0.0614 

n.0]4 

128 

2.05 

0,0628 

1.22 

130 

2.73 

0.0638 

1.52 

131 

3.4? 

0.0643 

(Continued)  (Sheet  T  of  '*) 
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Table  5  (Continued) 


Penetra¬ 

tion 


Cone 

Base 

Area 

A 

X 

2 

cm 

Pes is- 

tance 

Gradi¬ 

ent 

G 

Sand 

Unit  Dry 
■i'^elRht 

^d 

Depth 

of 

Cone 

Tip 

h 

cm 

Hori¬ 

zontal 

Velocity 

V 

X 

m/sec 

Hori¬ 

zontal 

Force 

F 

X 

n 

Froude 

Dumber 

vi 

Gone-Sand 

Pressure 

Ratio 

F  /A 

X  X 

Gh‘7d 

X 

3.23 

4.04 

16.17 

17.8 

1.83 

132. 

4.1.0 

0.0648 

2.13 

134 

4.70 

0.0658 

2.44 

135 

5.47 

0.0663 

2.74 

136 

6.15 

0.0668 

3.05 

137 

6 . 84 

0.0672 

3.35 

130 

7.52 

0.0682 

3.66 

1  20 

8.20 

0.0682 

6.45 

1.02 

15.20 

17.8 

0.305 

108 

0.575 

0.0700 

0.610 

108. 

1.15 

0.0700 

0.0]/, 

110 

1.72 

0.080S 

1.22 

113 

2.30 

0.0827 

1.52 

117 

2.87 

0.0856 

1.83 

no 

3.45 

0.0871 

2.13 

122 

4.02 

0.0802 

2.44 

124 

4.60 

0.0007 

2.74 

124 

5.17 

0.0907 

3.05 

126 

5.75 

0.0022 

3.35 

130 

6 . 32 

0.0051 

3.66 

132 

6.00 

0.0966 

6.45 

1.25 

14.64 

17.8 

0.305 

78.0 

0.575 

0.087" 

0.610 

77.4 

1.15 

0,08,73 

0.^14 

78.7 

1.72 

0.0887 

1.22 

70.3 

2.30 

0.08,0/, 

1.52 

78.7 

2.87 

0.0887 

1.83 

70.3 

3.45 

O.orn/, 

2.13 

82.6 

4.02 

0.0031 

2 .44 

81.0 

4,60 

0.0023 

2.74 

83.0 

5.17 

0.0046 

3.05 

80 . 7 

5.75 

0.101 

3.35 

01,6 

6,32 

0.103 

3,66 

"5.5 

6.00 

0.108 

3.06 

06.8 

7.47 

o.ino 

4,27 

08.7 

P.06 

0.111 

4.57 

102 

8.62 

0.115 
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Table  5  (Continued) 


Penetr- 

tlon 


Test 

No. 

Cone 

Base 

Area 

A 

X 

2 

cm 

Resis¬ 

tance 

Gradi¬ 

ent 

G 

MN/m^ 

Sand  Depth 

Unit  Dry  of 

Weight  Cone 

3  ’’ 

kN/m  cm 

Hori¬ 

zontal 

Velocity 

V 

X 

r./sec 

Hori¬ 

zontal 

Force 

F 

X 

N 

Froude 

Number 

V 

X 

Cone-Sand 

Pressure 

Ratio 

Gh^/d 

X 

10 

6.A5 

1.25 

1A.6A 

17.8 

A.  88 

111 

9.20 

0.125 

5.18 

llA 

9.77 

0.129 

11 

6.A5 

3.5A 

16.00 

17.8 

0.305 

168 

0.575 

0.0670 

0.610 

181 

1.15 

0.0721 

0.91A 

188 

1.72 

0.07A9 

1.22 

19  A 

2.30 

0.0773 

1.52 

199 

2.87 

0.0793 

1.83 

202 

3.A5 

0.0805 

2.13 

205 

A. 02 

0.0817 

2.AA 

208 

A. 60 

0.0829 

2.7A 

210 

5.17 

0.0837 

3.05 

212 

5.75 

0.08A5 

3.35 

213 

6.32 

0.ORA9 

3.66 

215 

6.90 

0.0857 

12 

6.A5 

0.03 

1A.26 

17.8 

0.305 

73.5 

0.575 

0.111 

0.610 

73.5 

1.15 

0.111 

0.91A 

71.0 

1.72 

0.107 

1.22 

69.7 

2.30 

0.105 

1,52 

69.0 

2.87 

O.lOA 

1.83 

70.3 

3.A5 

0.106 

2.13 

71.0 

A. 02 

0.107 

2.AA 

71.0 

A. 60 

0,107 

2.7A 

71.6 

5.17 

0.108 

3.05 

73.5 

5.75 

0.111 

3.35 

75,5 

6.32 

O.llA 

3,66 

77. A 

6.90 

0.117 

3.96 

80.0 

7,A7 

0.121 

A. 27 

83.2 

8.05 

0.126 

A.  57 

85.1 

8.62 

0.129 

A. 88 

90.3 

9.20 

0.136 

13 

6.A5 

A.  26 

16. 2A 

17,8 

0.305 

215 

0,575 

0.0708 

0.610 

226 

1,15 

0.07A5 

0.91A 

235 

1.72 

0.0775 

(Continued)  (Sheet  5  of  ‘0 
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Table  5  (Continued) 


Penetra¬ 

tion 

Resis¬ 

tance 

Gradi¬ 

ent 

G 


Sand 

Unit  Dry 
Weight 


kN/tn^ 

16. 2  A 


Depth 

of 

Cone 

Tip 

h 

cm 


lA  12.90  0.R5 


lA.lA  17.8 


15  12.90  1.95 


15.22 


Hori¬ 

zontal 

Velocity 


(Continued) 


70< 


Hori-  Froude 
zontal  Number 


Cone-Sand 
Froude  Pressure 
Number  Ratio 


Force 


F  /A 

X  X 


V 

X 

m/sec 

r 

X 

N 

iK 

Gh^/d 

X 

1.22 

2AA 

2.30 

0.0 80 A 

1.52 

250 

2.87 

0.082A 

1.8S 

253 

3.A5 

0.0 S3 A 

2.13 

256 

A. 02 

0.08AA 

2.AA 

259 

A. 60 

0.0,85  A 

1.1k 

261 

5.17 

0.0860 

3.05 

263 

5.75 

0.0867 

3.35 

26A 

6.32 

0.0870 

3.66 

265 

6.90 

0.0873 

3.96 

267 

7.A7 

0.0880 

0.305 

120 

0.AR3 

0.150 

0.610 

129 

0.967 

0.150 

0.91A 

125 

1.A5 

0.1A6 

1.22 

123 

1.93 

0.1A3 

1.52 

123 

2.A2 

0.1A3 

1.83 

12A 

2.90 

0.1A5 

2.13 

126 

3.38 

0.1A7 

2.AA 

128 

3.87 

0.1A9 

2.1k 

120 

A.  35 

0.150 

3.05 

132 

A. 83 

0.15A 

3.35 

133 

5.32 

0.155 

3.66 

139 

5.80 

0.162 

0.305 

190 

0.A83 

0.0065 

0,610 

190 

0.967 

0.101 

O.OIA 

208 

1.A5 

0.106 

1.22 

215 

1.93 

0.100 

1.52 

22  A 

2.A2 

O.llA 

i.r.3 

227 

2.90 

0.115 

2.13 

232 

3.38 

0.118 

2.AA 

236 

3.87 

0.120 

2.1k 

239 

A.  35 

0.121 

3.05 

248 

A. 83 

0.126 

3.35 

253 

5,32 

0.129 

3.66 

261 

5,80 

0.133 
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Table  5  (Continued) 


Test 

No. 

Cone 

Base 

Area 

A 

Penetra¬ 

tion 

Resis¬ 

tance 

Gradi¬ 

ent 

G 

Sand 

Unit  Dry 
Weight 

Yd 

kN/m^ 

Depth 

of 

Cone 

Tip 

h 

cm 

Hori¬ 

zontal 

Velocity 

V 

X 

m/sec 

hori¬ 

zontal 

Force 

F 

X 

N 

Froude 

Number 

V 

X 

Cone-Sand 

Pressure 

Ratio 

Ch^/d 

X 

16 

12.90 

3.37 

15.93 

17.8 

0.305 

271 

0.483 

0.0797 

0.610 

290 

0.967 

0.0853 

0.914 

312 

1.45 

0.0918 

1.22 

333 

1.93 

0.0979 

1.52 

353 

2.42 

0.104 

1.83 

369 

2.90 

0.109 

2.13 

382 

3.3B 

0.112 

2.4A 

390 

3.87 

0.115 

2.74 

305 

4.35 

0.116 

3.05 

400 

4.83 

0.118 

3.35 

406 

5.32 

0.119 

3.66 

412 

5 . 80 

0.121 

3.96 

415 

6.28 

0.122 

17 

12.90 

4.33 

16.26 

17.8 

0.305 

316 

0.483 

0.0725 

0.610 

342 

0.967 

0.0784 

0.914 

377 

1.45 

0.0865 

1.22 

399 

1.93 

0.0915 

1.52 

414 

2.42 

O.O950 

1.83 

419 

2  .90 

0.0961 

2.13 

432 

3.38 

0.0091 

2.44 

437 

3.87 

0.100 

2.74 

449 

4.35 

0.103 

3.05 

454 

4.83 

0.104 

3.35 

470 

5.32 

O.lOP 

■^.66 

470 

5 . 80 

0.108 

3.06 

473 

6.28 

0 . 109 

18 

23.23 

0.62 

13.64 

17.8 

0.305 

181 

0.417 

0.231 

0.610 

184 

0.834 

0.234 

0.«14 

186 

1.25 

0.237 

1.22 

186 

1,67 

0.237 

1.52 

186 

2.09 

0.237 

1.83 

186 

2.50 

0.237 

2.13 

188 

2.92 

0.240 

2.44 

188 

3.34 

0.240 
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Table  5  (Continued) 


Penetra¬ 

tion 


Cone 

Base 

Area 

A 

Resis¬ 

tance 

Gradi¬ 

ent 

p 

Sand 

Unit  Dry 
Weight 

'^d 

kN/m^ 

Depth 

of 

Cone 

Tip 

Hori¬ 

zontal 

Velocity 

%J 

Hori¬ 

zontal 

Force 

F 

X 

N 

Froude 

Number 

V 

X 

Cone-Sand 

Pressure. 

Ratio 

F  /A 

X  X 

Test 

No. 

X 

2 

cm 

h 

cm 

V 

X 

m/sec 

Gh^Vd 

X 

18 

23.23 

0.62 

13.64 

17.8 

2.74 

188 

3.75 

0.240 

3.05 

188 

4.17 

0.240 

3.35 

188 

4.59 

0.240 

3.66 

188 

5.01 

0,240 

3.96 

190 

5.42 

0.242 

19 

23.23 

3.49 

15.93 

17.8 

0.305 

409 

0.417 

0.0868 

0.610 

441 

0.834 

'0.0936 

0.914 

458 

1.25 

0.0972 

1.22 

492 

1.67 

0.104 

1.52 

518 

2.09 

0.110 

1.83 

548 

2.50 

0.116 

2.13 

578 

2.92 

0.123 

2.44 

585 

3.34 

0.1,24 

2.74 

505 

3.75 

0.126 

3.05 

602 

4.17 

0.128 

3.35 

609 

4.59 

0.129 

3.66 

611 

5.01 

0.130 

3.96 

595 

5.42 

0 . 126 

20 

23.23 

2.73 

15.66 

17.8 

0.305 

358 

0.417 

0.0960 

0.610 

402 

0.834 

o.ioo 

0.914 

432 

1.25 

0.117 

1.22 

455 

1.67 

0.123 

1.52 

40  7 

2.09 

0.135 

1.83 

525 

2.50 

0.142 

2.13 

541 

2.92 

0.146 

2.44 

551 

3.34 

0 . 149 

2.74 

560 

3.75 

0.152 

3.05 

571 

4.17 

0.155 

3.35 

583 

4,59 

0.158 

3.66 

50  5 

5.01 

0.161 

3.96 

602 

5.42 

0.163 

21 

3.23 

1.05 

14. 4i 

25.4 

0.305 

63.6 

0.683 

0.0589 

0.610 

61.7 

1.37 

0.0571 

0.914 

61.0 

2.05 

0.0565 
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Table  5  (Concludetl) 


Cone 

Base 

Area 

A 

Test  2 
No.  cm 


Penetra¬ 

tion 

Resis¬ 

tance 

Gradi¬ 

ent 

G 

MN/m^ 


Sand 

Depth 

Unit  Dry 

of 

Weight 

Cone 

^d 

Tip 

h 

kN/m^ 

cm 

Hori-  Hori¬ 

zontal  zontal 
Velocity  Force 

V  F 

X  X 

m/sec  N 


Cone-Sand 


Fronde  Pressure 
Number  Patio 


21  3.23  1.05 


22  3.23  3.10 


14.41  25.4 


15. R2  10.2 


1.22 

57.8 

1.52 

56.5 

1.P3 

57.2 

2.13 

56.2 

2.44 

55.9 

2.74 

55.9 

3.05 

58.5 

3.35 

59.8 

3.66 

63.0 

0.305 

53.6 

0.610 

62.3 

0.914 

67.5 

1.22 

73.3 

1.52 

79.5 

1,83 

81.1 

2.13 

84.3 

2.44 

86.9 

2.74 

90.1 

3.05 

94.0 

3.35 

96.9 

3.66 

101 

3.96 

102 

2.73 

0.0535 

3.42 

0.0523 

4.10 

0.0530 

4.79 

0.0520 

5.47 

0.0518 

6.15 

0.0518 

6.84 

0.0542 

7.52 

0.0554 

8.20 

0.0583 

0.683 

0.104 

1.37 

0.121 

2.05 

0 . 132 

2.73 

0.143 

3.42 

0.155 

4.10 

0.158 

4.79 

0.164 

5.47 

0.169 

6.15 

0.176 

6.84 

0.183 

7.52 

0.189 

8.20 

0.197 

8.89 

0.199 
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DEPTH  OF  CONE  TIP  BENEATH  ORIGINAL  SAND  SURFACE,  CM 


PLATE  1 


VERTICAL  PENETRATIONS 
AIR-DRY  YUMA  SAND 


PLATE  2 
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PLATE  3 


PLATE  4 


VERTICAL  PENETRATION  VELOCITY  V^  ,  m/SEC 


U) 
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Z 
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PLATE  6 


VERTICAL  PENETRATIONS 


1 


PLATE  7 


IPCN  SVMBOcS:  G  NEAR  CITHER  1.3  OR  2.9  MN/m3 


PLATE-CONE  STRESS  RATIO  (fz^^''*)xS  " 


LEGEND 

SYMBOL  A.  CM* 

I  «t 


X 

o 

L 

0 

0 

0 


S23 
A.  AS 
12  t 
2S.t 
SB  .  I 


LOGARITHMIC  RELATION  OF 
PLATE -CONE  STRESS  RATIO 
TO  VELOCITY  GRADIENT  RATIO 
FOR  FIVE  SHAPES  OF  PLATES 


81< 


VERTICAL  PENETRATIONS 
V,  VALUES  S  3  iVSEC 
C  VALUES  PROM  I.OS  TO  6.91  MN/m* 
AIR-DRV  YUMA  SAND 


PLATE  8 


MEASURED 

A>CAv|)x/a 


StmOL  A,,  CM* 

♦  I  2» 

*  I  «l 

Q  123 

A  (AS 

0  12* 

0  2SS 

O  S(  t 


NOTC-  0»tR  S*MiOl.S  (V,),  ISm/JlC 
CUOStO  S«U(SOt.S  (V,>,  >3m/S(C 

DATA  ARC  AtOTTCO  »0^  ELAT 

alatcswith  rtvc  SMAftsor 

(ASt  ARtAS  (CIRCULAR  AND 
RCCTAKCULAR  I  I.  I  2.  I  A,  AND  •  •> 


MODIFIED  Co  VERSUS 
N«  RELATION  FOR  DESCRIBING 
(F,)x  FOR  FLmT  plates 

VERTICAL  PENETRATIONS 
Vj  VALUES  FROM  3  05  TO  725  CM/SEC 
0  VALUES  FROM  I  OS  TO  6  91  MN/m* 

FIVE  SHAPES  OF  FLAT  PLATES 
AIR-ORY  YUMA  SAND 


PLATE  9 


o^tooo 


PLATE  n 


93  MNytn 


UNIT  DRY  WEIGHT  =  15.4  ±  0.1  K  N’/m 
YUMA  SAND 


PENETRATION  RESISTANCE  GRADIENT  G,  MN/fn 


M.C.  **7.2% 

z  y 

kl.C.Ml.4%, 

y 

y 

\X  A 

y 

a  j7 

/ 

X 

y 

> 

/  ^ 

/ 

> 

/ 

0 

4 

y ! 

j  ^ 

-EGEND 

OISTURE  CONI 

‘ENT,% 

_ z 

o  . 

SYMBOL  VALUES  AVERAGE 

0  0.4  TO  0.5  0,47 

5  l.l  TO  1.6  1.4 

0  2.0  TO  2.2  2.1 

O  6.6  TO  7.6  7.2 

note:  open  symbols:  table  3  DATA 
CLOSED  symbol:  TABLE  4 

DATA  1 

I .  ...iT,  J _ I _ I _ I _ I _ _ I 

14.0  I4.S  ISO  15.5  le.O  16.5  17.0 

ORY  UNIT  WEIGHT  Xj  ,  kN/m^ 


RELATION  OF 

PENETRATION  RESISTANCE  GRADIENT 
TO  UNIT  DRY  WEIGHT 

FOUR  MOISTURE  CONTENT  LEVELS 
3.23-CM*-BASE-AREA  CONE 
LOW-SPEED  VERTICAL  PENETRATIONS 
YUMA  SAND 


PLATE  13 


3WnSS3M<i  3SV9  3NOO 


Fg  /A^=  TQfOJO^GhVdi 


h=l0.2  CM 


3.23 

' 

'  e.49 

12.9 

■* 

23  2. 

• 

hsirecM 

2000  9000  4000 

SAND  PRCSSyHE  TERM  Ok^'d.,  kPo 


RELATION  OF  NUMERATOR  TO 
DENOMINATOR  OF  SAND- CONE 
PRESSURE  RATIO 

GhVdx 

horizontal  penetrations 

Vx  =  30  CM/SEC 

G  VALUES  FROM  0.58  TO  A33  MN/m* 
FOUR  SIZES  OF  30-DEG-APEX-ANGLE  CONES 
CONE  TIP  DEPTHS  OF  10.2, 17.8,  AND  25.4  CM 
AIR -DRY  YUMA  SAND 


PLATE  15 


CONE-SAND  PRESSURE  RATIO 


14 

15 
le 

17 


NOTE;  ARITHMETIC  PLOTS  OF  THE 


F./A, 


TEST 

NO, 

18 

19 

20 


Gh8/dx 

VERSUS  Vx/VJd^  relation  are  not 

SHOWN  FOR  The  I2.90-  and  23,23-CM2 
CONES,  SINCE  MAXIMUM  VALUES  OF 

v»a^i37  for  their  tests  were  only 

e.Go  AND  5.42,  RESPECTIVELY, 

DEPTH  OF  CONE  TIP  h=  25.4  CM  FOR 
Tt.ST  21,  10.2  CM  FOR  TEST  22,  AND 
17.8  CM  FOR  ALL  OTHER  TESTS 


RELATIONS  OF  CONE-SAND 
PRESSURE  RATIO  TO  FROUDE  NUMBER 

FOR  FOUR  SIZES 

OF  30-DEG-APEX-ANGLE  CONES 

LOGARITHMIC  RELATIONS  FOR  Vx/V^SS 
ARITHMETIC  RELATIONS  FOR  Vx/V5d^>5 
G  VALUES  FROM  0.58  TO  4.33  MN/m* 

CONE  TIP  DEPTHS  OF  10,2,  178,  AND  25.4  CM 
AIR ‘DRY  YUMA  SAND 

_ aa< _ 


PLATE  N 


HORIZONTAL  FORCE 


HORIZONTAL!  FORCE 


b. 


RELATIONS  OF  HORIZONTAL  FORCE  TO 
PENETRATION  RESISTANCE  GRADIENT 
AND  TO  CONE  BASE  AREA 

FORCE  MEASURED  IN 
HORIZONTAL  PENETRATION  TESTS 
17.8  CM  DEPTH 

30.5  CM/SEC  PENETRATION  SPEED 
AIR-DRY  YUMA  SAND 


PLATE  18 


In  accordance  with  HI  70-2-3,  paragraph  6c(l)(b), 
dated  15  February  1973,  a  facslinile  catalog  card 
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